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Dry edible beans (Phaseolus vulgaris) play an important role in food security, alleviating 
hunger and malnutrition and adding value to the economy in Mozambique. Recently, 
root/crown rot (RCR) has caused yield losses in bean fields in Mozambique. A diverse 
taxa of fungi and oomycetes have been associated with RCR. However, in Mozambique 
little information on root rot is available. The purpose of this study is to use Illumina 
sequencing platform, polymerase chain reaction (PCR) and culture-based methods to 
identify the primary pathogens associated with RCR in Mozambique. A total of 88 plants 
showing symptoms of RCR disease were collected from two locations, Gurué and 
Chokwé, over a 2-year period. DNA was extracted from a portion of the interface of 
healthy and infected RCR diseased plant tissue and spotted on Flinders Technologies 
Associated (FTA) cards, and the remaining matching plant tissue used for DNA 
extraction and plated directly in culture media. Illumina sequencing platform with 
universal primers to amplify the 18S (ribosomal RNA) rRNA region were used. 
Polymersase Chain Reaction (PCR), using species and genus specific primer was used for 
isolate detection and identification. There was high correlation between results from 
DNA extracted from FTA cards and plant tissue (P<0.001). Morphological features and 
sequencing of the (Internal Transcribed spacer) ITS rDNA region using the fungal 
universal primers were used to identify the 333 fungal/oomycete isolates recovered in 
culture. A pathogenicity test was also conducted with the cultured isolates. At least 60% 
of the the fungi/oomycetes isolated were pathogenic. Fusarium oxysporum and Fusarium 
solani were the most prevalent groups found through the Illumina platform. A high 
frequency of isolation of Fusarium spp. was detected through PCR. Similarly, the 
majority of the pathogenic isolates identified through sequencing were also within 
Fusarium spp. Overall using all methods Fusarium spp. were the most fungal species 
detected in both locations and years when compared to Rhizoctonia solani, Pythium spp. 
or Macrophomina phaseolina.  
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CHAPTER 1 
LITERATURE REVIEW 
1.1. The common bean  
Common bean (Phaseolus vulgaris L.) is the third most important leguminous crop in the 
world (CIAT 2001, Singh 1999), following soybean (Glycine max (L.) and peanut 
(Arachis hypogea L.) (Singh 1999).  Additionally, it is the most important pulse crop 
harvested for dry seeds (Singh 1999) and for direct consumption in the world (Schwartz 
and Pastor-Corrales 1989; Islam et al. 2002). Phaseolus vulgaris is the most widely 
distributed, domesticated crop (Gepts 2010), and most important species in the Phaseolus 
genus, and occupies 90% of production area worldwide. Common beans are a 
predominantly self-pollinated crop with about 2.2 to 3% of outcrossing levels. (Gepts 
2010).  
Common bean was first discovered and domesticated in the Americas (Andean South and 
Middle America) and, based on the archoecomorphological, biochemical and molecular 
evidence (Logozzo et al. 2007, Gepts 2010), was divided into two geographically distinct 
gene pools, Mesoamerican and Andean (Singh 1999, Gepts 1988, CIAT 2001, Pachico et 
al. 1993).  Mexico is considered the main center of domestication and genetic diversity 
(Logozzo et al. 2007). Africa is considered a secondary center of diversity due to the 
wide range of landraces found across the continent (Asfaw et al. 2009, Wortmann et al. 
1998a). The International Centre for Tropical Agriculture (CIAT) in Cali, Colombia 
holds the world’s largest collection of common bean germplasm, around 40,000 
accessions collected worldwide (Islam 2002). The Andean gene pools are large seeded 
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with the T and C phaseolin (the major seed storage protein on bean) and the Mesoamerica 
gene pool has the S’ phaseolin and smaller seeds (Gepts 1988).  
The crop was introduced to Africa by Portuguese traders and then dispersed to Asia and 
Europe in the fifteenth century (CIAT 2001, Singh 1999). Now grown on almost all 
continents, North and South America are the largest producers, followed by Africa, Asia 
and then Europe. Latin America is the major production region, with 8 million ha, almost 
half of the global production (CIAT 2001). Brazil was ranked the major bean producing 
country, followed by USA (Singh 1999). The value of marketed beans exceeds US$500 
million annually. About 4 million ha in Africa are used for bean production, which is a 
quarter of the global production (Buruchara et al. 2011). The Eastern and Great Lakes 
regions, and the highlands of southern Africa are the areas where beans are more 
concentrated (CIAT 2001). Farmers from different regions have been exploring the 
morphological features of combining common bean with different types of beans creating 
a vast, genetically diverse set of bean landraces (CIAT 2001, Asfaw et al. 2009). 
However, selection based only on seed classes has been shown to reduce the genetic 
diversity (Gill-Langarica et al. 2011).  
 Cultivation and consumption of common bean has been increasing to the point that now 
about 300 million people throughout the world have common bean as part of their basic, 
daily diet (CIAT 2001). In most countries beans are primarily cultivated for the green 
pods, green shelled seeds and dry seed. However, in some countries in Africa such as 
Mozambique, Tanzania, Kenya, and Zambia, the leaves are also consumed. Worldwide, 
common bean is the second most important source of dietary protein (Ngungize et al. 
2011). It contains from 22 to 23% protein and about 60% of carbohydrates (Leterme & 
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Munoz 2002) and is the third most important source of calories (Ngungize et al. 2011), 
and contain high levels of Vitamin B, iron, zinc, potassium and copper (CIAT 2001, 
Leterme & Munoz 2002). The high nutritional value in combination with other sources of 
carbohydrates (such as maize) provide a nutritional source for people in developing and 
developed countries (Pachico et al. 1993). Beans are known as the poor man’s meat, 
being the cheapest source of protein for people who can’t afford to buy meat (Leterme & 
Munoz 2002). Regular consumption of beans is associated with health benefits such as 
lowered cholesterol levels and cancer risks and reduced diabetes and coronary heart 
diseases (Leterme & Munoz 2002). It is an important nutritious food for pregnant women 
(CIAT 2001).  
In poor countries beans are the primary and cheapest source of protein, therefore bean 
consumption is high in these countries compared to developed countries. (CIAT 2001, 
Pachico et al. 1993). The intensification of cropping is leading to soil degradation 
problems, and the ability of bean plants to fix nitrogen makes them useful for recovering 
soil fertility. Also, since beans mature in a short time, they can be used for intercropping 
(Buruchara et al. 2011).  
After being introduced to the African continent by Portuguese traders through 
Mozambique during colonization (CIAT 2001, Wortmann et al. 1998a), common bean in 
time became a staple crop (Wortmann et al. 1998a, Kemani et al. 2005) and the main 
source of protein for 100 million people in eastern, central and southern Africa. Beans are 
now becoming the most important legume crop (Kimani et al. 2005) and an important 
source of calories behind only cassava and maize (Pachico et al. 1993). Beans are also an 
important source of income in Africa for the small scale farmers, either providing the 
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total farm income, or for an income source during shortages of money or other crops to 
sell (Wortmann et al. 1998a).  The Great lakes areas (Burundi, DR Congo, Ethiopia, 
Kenya, Rwanda, Tanzania and Uganda) are the most important regions of common bean 
production in Africa (Pachico et al. 1993, Wortmann et al. 1998a). Where the small scale 
farmers are the major producers (Schwartz and Pastor-Corrales 1989), women are the 
main labor force in Sub-Saharian Africa (CIAT 2001, Wortmann et al. 1998a). A high 
proportion of the crop is used for subsistence (consumption) rather than for marketing 
(CIAT 2001, Wortmann et al. 1998a, Schwartz and Pastor-Corrales 1989). The women 
farmers play an important role in maintaining the genetic diversity, since they are the 
ones responsible for cooking and growing the crop. They select the varieties being grown 
in a region primarily by yield and also by cooking time and flavor retention.  Seed size is 
least important in poor areas (Wortmann et al. 1998a). The six seed types of bean most 
distinguishable in bean production regions in Africa, are calima, red, navy, yellow, 
purple, white and black. Together they account for 95% of the total production of beans 
in these regions, with calima being the most produced seed type (Wortmann et al. 1998a). 
Consumption depends mostly on income, geographical location, culture and tradition, 
taste and cooking time (Leterme & Munoz 2002). 
Common bean is a short-day crop, and its development is favored by mildly cool tropical 
environments (Schwartz and Pastor-Corrales 1989). It is grown twice a year in regions 
with elevations below 2000 m in areas of tropical and subtropical climate in Africa and 
Asia, whereas in higher latitudes with temperate regions it is grown either as a spring or 
summer crop. It can also be grown as a winter irrigated crop in northern and southern 
Africa (Schwartz and Pastor-Corrales 1989). Common beans can be grown in almost all 
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soil types, however soils rich with organic matter with pH of 5.5 to 7.0 considered 
optimal (Singh 1999). The pH affects the efficiency of acquiring nutrients from the soil 
and also impacts manganese and aluminum toxicity problems (Wortmann et al. 1998a). 
The temperature in regions where beans are grown varies from 16°C to 24°C, with the 
annual precipitation of 500-2000 mm.  
As bean production has increased, various abiotic factors such as low soil fertility, water 
stress or drought and biotic factors such as diseases and pests are hampering bean 
production (Singh, 1999, Wortmann et al. 1998a). These factors either directly impact the 
yield production reducing profitability, or reduce the area under production of bean over 
the years.  In order to overcome this problem, the adoption of cultivars producing higher 
yields, with multiple disease resistance, greater tolerance to drought and low soil fertility 
as well as adoption of new technologies will enable farmers to increase the crop 
production for yield stability (CIAT 2001).  
1.2. Background on Mozambique  
Mozambique is a country located on the southeastern coast of the African continent, 
along the Mozambique Channel of the Indian Ocean. It borders 6 countries, Malawi, 
South Africa, Swaziland, Tanzania, Zambia and Zimbabwe on land and shares marine 
borders with the Comoros, Madagascar and Mayotte Islands (Lopes 2010). The country, 
located between south latitude 10º 27’ and 26º 52’ and south and east latitude 30º 12 and 
40º 51 east longitude, is mostly characterized as a tropical climate (USAID 2013). It 
occupies an area of 309,494 square miles (801,590 km2) (Lopes 2010), of which about 
786,000km2 are land area and 13,000km2 are of freshwater, almost twice as much as the 
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state of California (USAID 2013). Located on the Indian Ocean with about 2,750 km 
coastline, 42% of the land is covered by ocean (FAO 2009a).  
The land area includes 29% plateau 200-500 meters above sea level (masl) elevation, 
25% is highlands ranging from 500 to 1000 masl and mountain areas comprising of 4% 
of the land with elevations above 1000 meters (USAID 2013). Mozambique has areas of 
both tropical and subtropical climate and two season, a dry season and a wet season. The 
dry season is from April to September and the wet season is from October to March. 
Climate conditions vary depending on the altitude, with subtropical climates in the north 
and center of the country, and dry arid conditions in the south. (Arndt et al. 2011) 
Rainfall is heaviest along the coast and decreases in northern and southern parts of the 
country (USAID 2013).  
The country is divided into 11 provinces of which one is a capital city with provincial 
status. Each of the provinces are subdivided into districts; the country has 129 districts 
(Lopes 2010). In 2015, the population was 27.98 million (USAID 2013). The most 
populated provinces are Nampula and Zambezia, located in the north and center of the 
country. Together they account for 40% of the total population (Lopes 2010).  
Mozambique is rich in natural resources, with manufacturing, energy, fisheries, tourism 
and agriculture being the major contributors to the country’s economy. The country is 
considered to have potential in economic growth, indicated by the increased percentage 
of per capita GDP in the 1990s of about 2.9 percent, 4.2 percent in the 2000s and 4.6 
percent in the 2010s (FAO 2016). Despite all the economic growth and resources 
available, Mozambique is still one the poorest countries in the world according to 
FAO/WFP (2010) and still dependent on foreign assistance (FAO 2016; FAO/WFP, 
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2010). Agriculture, followed by industry, are the major sectors of Mozambique’s 
economy, contributing about 29 percent of the GDP in 2013. (FAO 2016, USAID 2013). 
About 85% of the population live in rural areas (USAID 2013) and about 80% of the 
population rely on agriculture for their livelihood (FAO/WFP 2010, Arndt et al. 2008), 
making agriculture the main activity of the majority of the population (FAO 2009a).  
However, according to FAO in 2016, the yields of the staple crops have been declining 
over the last decade, which can threaten food security in the country. Therefore, more 
efforts are needed in agriculture to increase the productivity in order to minimize risks of 
food insecurity. 
Mozambique is divided into 10 agro-ecological zones, reflecting a wide variability in 
soils and climate. The agroecological zones are defined based on altitude, soil type, 
precipitation and farming system. Zones R1, R2 and R3 located in the south provinces 
(Maputo, Gaza and Inhambane) are characterized by arid and semi-arid soils, with lower 
rainfall of 600 mm/year. The district of Chokwe in Gaza province is located at R3. Zones 
R4, R5, R7 and R9 have rainfall of 1000 to 1,400 mm/yr. Zone R6 is dry and semi-arid, 
with rainfall of 500-800 mm/yr. R8 is coastal located with sandy soils and rainfall of 800-
1,200 mm/yr. Zone R10 is a mountainous region with average of rainfall 1,200 mm/year, 
and where common bean cultivation is recommended. According to FAO/WFP 2010, 
Mozambique has 45% of land area suitable for agriculture, however, only 11 percent 
(about 4 million hectares) is estimated to be cultivated (FAO/WFP 2010). Agriculture in 
Mozambique is characterized by two types of farms, commercial and small scale farms, 
and small-scale subsistence farmland surpasses the area used for commercial farming 
(Lopes 2010, FAO 2009a). About 3.8 million families, with an average of 5 members 
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each, are involved in farming, occupying most (90%) of the 19% of the land used for 
cultivation. From these households, 90% occupy farms of about 2.4 hectares (FAO 
2009a). With approximately 95% of cultivated area being worked by households who 
grow crops for subsistence on rain-fed land, they typically have low inputs (no machinery 
or fertilizer) and manual cultivation techniques, keeping costs low (Lopes 2010). Only 
5.5% use irrigation systems, 3.9% and 2.6% apply fertilizers and pesticides respectively. 
Consequently, yields are low when compared with industrial agriculture (USAID 2013). 
They also have more problems with poor storage conditions leading to high post-harvest 
losses (USAID 2013, Costa et al. 2013). Although only 29% of the owners of small farms 
sell their crops, they still contribute 50% of the marketed staple food crops (USAID 
2013).  They typically grow maize and cassava as the basic food crops along with 
groundnuts, beans, sorghum, millet, rice, cashews, and sweet potatoes for diversification 
(FAO 2009a, FAO 2016). Some cash crops, such as sugarcane, cotton and tobacco are 
also grown (USAID 2013, FAO 2016). In Sub-Saharan Africa, women are the major 
contributors to the labor force among the smallholder producers, accounting for 48.7 
percent. In Africa, about 60 percent of economically active women depend on agriculture 
for their livelihoods (Pettengell 2015). In Mozambique the situation is similar, where 
women are the majority of the farm labor and represent two-thirds of the total agricultural 
labor force (FAO 2009a).  
According to Lopes, 2010, with the current growth of population to an estimated 28 
million by 2020, improving the agricultural production with special focus on increasing 
yields of crops such as beans and other staple foods is required to insure food security. 
Since poverty is more prevalent in rural areas, increasing agricultural productivity by 
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infusion of improved agricultural technologies could be a useful approach to reduce 
poverty and hunger, and increase household income (Lopes 2010). Better access to food, 
improved nutrition and reduction of poverty could be accomplished by transforming 
subsistence-oriented agriculture into a more productive sector (Lopes 2010). Integrating 
agriculture into national and international markets, enhancing the storage capacity to help 
the integration of the small farmers in the commercial market, and increasing inter-
regional trade could help in increasing the economy of the smallholders (Lopes 2010). 
The major factors hindering farm production are the frequent droughts, underutilization 
of irrigation systems, weak rural financial services, poor rural road networks, and low 
productivity (World Bank 2008).  This situation is worsened in the event of natural 
disasters such as drought and floods. With climate conditions ranging from arid to semi-
arid zones, Mozambique is one of the most vulnerable countries to climate change in 
Africa. This is evident by the frequent floods, occurring every 2 to 3 years (FAO 2011, 
USAID 2012) and droughts occurring every 3 to 4 years (more prevalent in the south and 
central region). These are major constraints for the overall development of the country, 
considering that the majority of population (mostly the poor) live in rural areas and are 
dependent on rainfed agriculture (Arndt et al. 2008). Drought and floods regularly affect 
agriculture, threaten food production in the country and endanger the major crops, 
including beans. 
1.3. Trends of bean production in Mozambique  
Bean (Phaseolus vulgaris), was first introduced to Africa through Mozambique by 
Portugal in the 16th century during the slave trade (CIAT 1989). In Africa alone, bean is 
grown on more than four million hectares per year and about 100 million people rely on it 
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as the first source of vegetable proteins in both urban and rural poor communities, with 
the highest per capita bean consumption in the world (Kimani et al. 2005). 
In Mozambique, bean plays an important role in enhancing food security and farm 
household income (Cachomba & Donavan 2012). It has become the second most 
important legume crop for direct consumption after peanuts, and is among the most 
important crops economically. It is an important staple food crop throughout 
Mozambique for people of all income categories, and is especially important to the poor 
as a primary source of dietary plant protein (Wortmann et al. 2000, Lopes 2010) and an 
important source of minerals and vitamins (Lopes 2010). Bean is an early maturing crop 
(about 3 months to maturity), which makes it a suitable crop to be adopted during periods 
of hunger or cash shortages. Therefore, bean is a source of income to households in rural 
and urban areas (Lopes 2010). It is also a good crop to be used for soil fertility and in 
crop rotation and intercropping (Amane et al. 2011, Wortmann et al., 1998a). From 2001 
to 2002, bean production reached an estimated value of US$8 million, with an estimated 
135 to 290kg per household in the main agroecological zone R10. (Walker et al. 2006)  
The major bean production zones are located in the northern and central provinces of 
Tete, Zambezia, and Niassa, and he crop is marketed within and among countries 
(Wortmann et al. 1998a, Cachomba & Donavan 2012). Within the country, the crop is 
primarily traded from the major producing zones to the center or southern provinces, 
mostly to Maputo, the capital of the country (Cachomba & Donavan 2012). 
Internationally, the country usually imports bean from South Africa and exports to 
Malawi (Wortmann et al. 1998a). Both seed and leaves are consumed and marketed, 
although the leaves are mostly marketed within regions.  The seed types produced and 
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traded are based on the zones and economic status. In southern markets, consumers select 
khaki and khaki speckled bean. In zones close to Malawi, darker small red bean is more 
in demand. (Cachomba & Donavan 2012). The butter bean is concentrated in the 
Agroecological zone R10, with also considerable potential at R7 and R8. Production of 
bean in these zones is considered to have potential to reduce the level of poverty in those 
areas (Walter et al. 2006). 
In Mozambique, bean production is characterized by rain-fed, manual cultivation systems 
by smallholders (Lopes 2010, Cachomba & Donavan 2012). Women are responsible for 
80% of the production (Amane et al. 2011, Wortmann et al. 1998a, CIAT 2004) in small 
cropped areas with low external input and in higher elevations of specific agro-ecological 
zones. (Cachomba & Donavan 2012). From 2002-2006 there was an estimated 455,000 
tons of bean produced by small- and medium-scale farmers (Lopes 2010), whereas in 
2008 alone, a total of 52,500 M tons were produced with a mean of 144 kg per household 
(Cachomba & Donavan 2012). Average yield among the farmers was only 200 to 500 
kg/ha, but there is potential for up to a 6-fold increase (Cachomba & Donavan 2012).   
In Mozambique, the main constraints in bean production are drought, lack of improved 
varieties, poor agronomic practices, soil infertility, weed competition, lack of fertilizers, 
diseases and pests, with all these affecting the farmers yield. Among the production 
constraints, the major ones in Mozambique are drought, excessive rainfall and diseases 
(Walker et al. 2006). The driest areas of the country are in the interior of Gaza Province 
where precipitation can vary dramatically from year to year. Thus, droughts and floods 
are common in this area (USAID 2013). Chokwé, located in Gaza, is one of the most 
vulnerable areas to a natural disaster in Mozambique, whereas Gurué is a lower risk area 
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according to Walker et al., 2006. The continuous fluctuations of rainfall causing wet and 
dry conditions facilitates and favors the establishment and emergence of soilborne 
diseases (Wortmann et al. 1998a).  As a consequence, diseases such as root rot that were 
not considered a big challenge in the past are now emerging as limiting factors in bean 
production. A number of pest and disease outbreaks are triggered by climatic factors, 
among them are the bean root rot complex of fungal pathogens, attributed to various 
unrelated fungal or oomycete pathogens (Pythium spp., Fusarium solani subsp. phaseoli, 
Rhizoctonia solani) (Abawi et al. 2006 
1.4. Root and crown rot- a limiting factor of common bean production in Africa  
Root-crown rot diseases are found worldwide and usually considered a major constraint 
of bean (Abawi et al. 2006) with major impact on bean yields throughout Africa (Otsyula 
2003). This disease has impacted the economy (Snapp et al. 2003, Abawi et al. 2006), 
reduced bean yield and profitability worldwide (Abawi et al. 2006), and negatively 
impacted livelihoods of populations relying on bean for food security and income. 
Globally, yield losses due to root rot are reported to reach 90%. The disease can be 
caused by individual soilborne fungal pathogens or a complex of pathogens (Abawi et al. 
2006).  
The RCR complex has emerged as a major limiting factor of bean production in eastern 
and southern Africa, where losses were estimated at approximately 400,000 tons per year 
(Wortmann et al. 1998b), and reached epidemic proportions in the Great Lakes region in 
areas of intensive production (Abawi et al. 2006, Wortmann et al. 1998b). In Africa, 
RCR was ranked in the top five major diseases in terms of bean losses (Kimani et al. 
2001). In Rwanda alone, bean yield losses due to RCR were estimated at 14,690 
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tons/year based on farm trial results, a multiple regression model, and national production 
information (Trutmann & Graf 1993).   
Depending on whether infection is due to a complex or individual pathogens, RCR 
symptoms can include poor seedling establishment, damping-off, uneven growth, 
chlorosis, premature defoliation, death of severely infected plants and lower yield 
(Estevez de Jensen et al. 2002, Abawi et al. 2006). The roots from infected plants are 
small, discolored and exhibit various stages of decay (Abawi et al. 2006).  
The prevalence and extent of damage due to RCR varied from one production region to 
another (Abawi et al. 2006). However, the disease tended to be particularly problematic 
in regions with intensive production where soil fertility and pH are low, temperatures are 
cooler, potassium is low (Wortmann et al. 1998b, Miklas et al. 2006), there is limited 
crop rotation (Miklas et al. 2006), and soil is saturated and compacted (Snapp et al. 
2003). More damage was observed when cool and wet weather occurs from seedling 
stage to about three weeks after planting, followed by hot dry weather (Abawi et. al. 
1985). Low or high temperatures, with drought or flooding can lead to more severe root 
rot (Porch et al. 2014). A healthy root system is important, thus as RCR pathogens 
increase, the effect of drought is limiting the root mineral acquisition (Miklas et al. 
2006). The most relevant soilborne pathogens associated with RCR are: Fusarium solani 
(Mart.) Appel and Wollenv. f. sp. phaseoli (Burk.) Snyd. & Hans (FSP) and Fusarium 
oxysporum Schlecht. f. sp. phaseoli Kendrick and Synder (FOP). Other soilborne 
pathogens of RCR acting alone or as a complex are Pythium spp. (Oomycota: Pythiales) 
Pythium ultimum (PU), Rhizoctonia solani Kühn (RS) (Basidiomycota: 
Ceratobasidiaceae, teleomorph: Thanatephorus cucumeris (Tassi) Goid), Athelia 
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(Sclerotium rolfsii) (Atheliales : Atheliaceae) (SR), Macrophomina phaseolina (Tassi) 
Goid. (MP) (Ascomycota: Botryosphaeriaceae ) (Abawi & Pastor-Corrales 1990, Rusuku 
et al. 1997). Aphanomyces euteiches Drechs (Oomycota: Leptolegniaceae) (AE); 
Thielaviopsis basicola (Berk. & Br.) Ferraris (TB) (Microascales: Ceratocystidacea) and 
Sclerotinia sclerotiorum (Lib.) de Bary, (1884) (SS) (Helotiales: Sclerotiniaceae) (Abawi 
1989, Buruchara 1990). Macrophomina is a major problem under conditions of terminal 
drought, and Rhizoctonia and Fusarium are major RCR pathogens in regions where 
intermittent drought occurs (Miklas et al 2006).  Most of these pathogens have been 
reported to cause RCRs in Africa (Abawi 1989, Buruchara 1990). 
1.5. Disease and pathogen description 
Fusarium wilts and yellows 
Fusarium wilt/yellows is considered a threat affecting more than 100 plant hosts 
(Swarupa et al. 2014, Lievens et al. 2008, Appel and Gordon, 1995) including bean. The 
disease is caused by a soilborne asexual fungus Fusarium oxysporum Schlecht f. sp. 
phaseoli: Kendrick and Snyder (FOP) (Swarupa et al. 2014, Lievens et al. 2008), an 
anamorphic species which includes numerous plant pathogenic strains causing wilt 
diseases on a broad range of agricultural and ornamental crop species, found in soils 
worldwide (Lievens et al. 2008). According to the host species that they infect, fungi are 
subdivided into forma specialis (f.sp). (Swarupa et al. 2014). The fungus affecting bean is 
designated F. oxysporum f.sp. phaseoli. A vascular disease of bean (Phaseolus vulgaris 
L.) was first described in the USA in 1929 (Harter 1929) then called bean yellows 
(Ribeiro & Hagedorn 1979). The pathogen is found in bean production areas worldwide 
causing different levels of fusarium wilt symptoms (Miklas et al. 1998). 
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The initial symptoms of Fusarium yellows include slight yellowing and premature 
senescence of the two primary leaves. As the disease progresses, the trifoliolate leaves 
and stem become chlorotic and ultimately the leaves become bright yellow; young plants 
remain stunted. Other symptoms such as reddish brown vascular tissues and water soaked 
lesions on pods can also be observed (Hall 1991).  
 In the absence of nutrients Fusarium spp. produce chlamydospores, the propagules that 
can survive for up to 30 years (Ploetz 2000). Dormancy can be overcome by stimuli 
emitted from soils, germinating seed and developing roots (Curl and Truelove 1986). 
Fusarium root rot 
Fusarium root rot (dry root rot) is a bean disease caused by Fusarium solani (Mart.) 
Appel and Wollenv. f. sp. phaseoli (Burk.) Snyd. & Hans (FSP) and is distributed in bean 
fields worldwide.  
The pathogen causes red to brown longitudinal streaking on hypocotyls and taproots, that 
eventually become necrotic as the disease progresses. When the disease is severe, the 
plants are stunted and the primary leaves yellow and drop prematurely (Hall 1991). 
Although it has some impact in unstressed conditions, under stressed condition such as 
drought and flooding (oxygen deprivation), the impact of the disease becomes severe.  
Fusarium root rot is difficult to manage with chemicals, as appropriate fungicides are 
expensive, not always effective and highly regulated. The most reliable management 
strategy is planting resistant varieties; however, resistance is very narrow and restricted 
(Snapp et al. 2003), and can be overcome under environmental conditions that do not 
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favor plant growth, such us floods and periods of oxygen not being available to the plant 
(Hall 1991). 
Charcoal rot 
Macrophomina phaseolina (Tassi) Goid. (MP) causes charcoal rot in common bean and 
is a widely distributed, soilborne, fungal plant pathogen found primarily in tropical and 
subtropical areas (Songa et al. 1997, Mayek-Perez et al. 1999, Beas-Fernández et al. 
2006). It has a wide host range of about 500 plant species from vegetables and fruits to 
leguminous crops (Almomani et al. 2013). The fungus attacks seedlings and mature 
plants, causing high economic losses by drastically reducing yield under favorable dry 
and hot conditions (Songa et al. 1997, Mayek-Perez et al. 1999). Stress conditions 
predispose the plant to infection by Macrophomina phaseolina at any stage of plant 
development (Mayek-Pérez et al. 2002). According to Schwartz, 1989, charcoal rot or 
ashy stem blight are found mainly in Latin America, Carribean and African countries.  
If seedlings are infected, visual symptoms include reddish to brown discoloration of the 
emerging epicotyls and hypocotyls that extend to cotyledons. The discolored area 
eventually will turn dark brown to black and the seedlings may die (Almomani et al. 
2013). In adult plants these symptoms are followed by wilting as a result of the 
obstruction of the xylem vessels by microsclerotia, and the plant is defoliated and appears 
chlorotic (Beas-Fernandez et al. 2006). 
Macrophomina phaseolina is a basidiomycete that is adaptable to different environmental 
conditions because it has two anamorph forms: the pathogenic stage (Macrophomina 
phaseolina) where the pycnidia are produced, and the microsclerotia state caused by the 
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saprophyte Rhizoctonia (R. bataticola). The pathogen has great morphological, 
physiological, pathogenic and genetic variability (Beas-Fernandez et al. 2006). 
Management measures such as planting resistant cultivars and using clean seed treated 
with fungicides should be used to control the disease at the early growth stage. Also, 
rotation with a non- host crop and flooding the field for several weeks before planting can 
reduce inoculum buildup.    
Seed and seedling damping off 
Pythium spp. and Pythum ultimum are oomycetes also designated ‘fungal-like’ 
organisms, belonging to the Straminopila kingdom that branches to a unique evolutionary 
line different from true fungi. They are among the most destructive plant pathogens 
accounting for billions of dollars of losses in world cash crops. Pythium diseases are 
particularly important in the early stages of plant development (West et al. 2003), where 
they affect seed, seedlings, and young plants, although they can also damage older plants 
with pods (Schwartz 2011).  
The symptoms include seed decay, seedling death and watersoaking of the roots, 
hypocotyl and pods and can occur one to three weeks after planting (Schwartz 2011). At 
the initial infection the outer tissue on the stem becomes slimy and, as the disease 
progresses, it becomes dry and sunken, turns tan to brown, wilts and dies (Schwartz 
2011). In mild infections, the plants only stunt and do not die (DiFonzo et al. 2006). The 
pods can also show a mass of white mycelia (Schwartz 2011, DiFonzo et al. 2006).  
Pythium species have thick-walled survival spores and are mainly dispersed by zoospores 
(the dispersion structure) (West et al. 2003). The life cycle of Pythium species is 
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characterized by two cycles, sexual and asexual, that are usually stimulated by different 
environments. The asexual stage produces the sporangia that can either germinate in 
liquid or through germ tubes in undergoing a direct germination, or produce zoospores by 
differentiation through the process of cleavage that form the uninucleate and biflagelate 
zoospores (West et al. 2003). These zoospores are the dispersion structures that infect 
seed, roots, stems and leaves. The oospores, products of the sexual stage, are thick-walled 
to assure survival through harsh environmental conditions when nutrients are not 
available. They can survive for long periods in a state of exogenous dormancy that can be 
overcome by stimuli from soils and volatiles (carbohydrates, sugars, organic acids, etc.) 
emitted from germinating seed and developing roots (Curl and Truelove 1986). Pythium 
propagules can survive in soil up to 12 years (Hendrix & Campbell 1973).  When 
conditions are favorable, they then germinate to produce germ tubes which form the 
sporangia (West et al. 2003).  
Damping-off is caused by wet conditions where the severity of the disease is accentuated 
by planting bean on poorly drained, saturated and compacted soils, and soils with high 
amounts of organic matter. Also, high planting densities of bean increase the severity of 
the disease (DiFonzo et al. 2006, Schwartz 2011) 
Management practices to control Pythium diseases include crop rotation with a non-host 
for at least three years (DiFonzo et al. 2006) although four to five years is more advisable 
(Schwartz 2011); use of practices to increase soil drainage; managing irrigation runoff to 
restrict spread of propagules within and between fields; avoiding working or driving on 
wet soil and tillage practices that contribute to soil compaction. Also planting high 
quality seed, application of  systemic treatments to seed and soils prior to planting in 
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order to increase the plant vigor, application of fungicides to soil (DiFonzo et al. 2006, 
Schwartz 2011 ); application of soil amendments such as organic fertilizers or application 
of biological controls using non-pathogenic species of Pythium; and using Pythium-
resistant varieties which is considered the most reliable management practice, particularly 
for  small-scale growers (Nzungize et al. 2011). 
Rhizoctonia root rot 
Rhizoctonia root rot is a disease caused by Rhizoctonia solani Kühn sensu lato 
(teleomorph: Thanatephorus cucumeris), the “root killer” (Lakshman et al. 2016). 
Rhizoctonia is the asexual anamorph stage that is soilborne and causes diseases on many 
important crops throughout the world (Bolton et al. 2010) and is the one of the most 
economically important causes of root and hypocotyl diseases in the world (Miklas et al. 
2006). The different populations are recognized based on the anastomosis group concept 
(Bains & Bisht 1995). The hyphal anastomosis reaction is used extensively to place 
different strains of the fungus into genetically isolated anastomosis groups (AGs) which 
are further subdivided into intraspecific groups (ISGs) (Bolton et al. 2010). 
The disease symptoms begin soon after planting and occur in the root or hypocotyls as 
small, sunken reddish-brown lesions.  These lesions eventually become become larger 
and more sunken cankers that develop on the stem. The sclerotia are small structures that 
appear on the surface of the cankers. Seedlings and young plants are most susceptible to 
infection, (DiFonzo et al. 2006) and may die due to damping-off (Schwartz 2011). Once 
the pathogen invades the central part of the lower stem it causes a brick-red discoloration 
of older seedlings (Schwartz 2011). Older plants may appear stunted or die (DiFonzo et 
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al. 2006). In cases where the pods are affected, it causes seed discoloration and pod 
rotting (DiFonzo et al. 2006).  
The first inocula of the season are the survival structures that can either take the form of 
sclerotia or, less frequently, as mycelium (such as the teleomorph). They can survive in 
soil organic matter, in infected crop debris, or in or on bean seed (DiFonzo et al. 2006) 
for many years. The sclerotia are structures resulting from compaction of specialized 
hyphae called monilioid cells. (Lakshman et al. 2016). They have thick outer layers for 
survival during the harsh winter conditions. The fungus reacts to stimuli caused by 
chemicals released by the growing plant or decomposing plant residue, and enter the 
plant through natural openings or wounds by hyphal penetration. Then it penetrates the 
plant cells, colonizes the dead tissue and produces sclerotia. (DiFonzo et al. 2006). 
This fungus is favored by soil temperatures around 15ºC to 18ºC. Fields with poor 
drainage, high levels of soil organic matter, high plant density, and wounds on roots and 
stems caused by cultivation increase the disease severity. (DiFonzo et al. 2006). 
Since well-developed and healthy plants have better defense against diseases, practices 
that encourage the rapid germination and emergence of the plant would include treated 
and certified seed, warm and moist soil; cultivate to hill soil around the stems to 
encourage the development of lateral roots; avoid close cultivation between the plants 
which will trim the lateral roots; rotation with non-susceptible crops such as small grains 
or corn, with bean planted every third or fourth year and avoidance of rotations with 
potatoes, sugar beets or soybean which are susceptible hosts for R. solani and therefore 
might increase the inoculum. (DiFonzo et al. 2006, Schwartz 2011). Propagules of R. 
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solani subgroups that cause root rot and web blight can survive several years (Boosalis & 
Scharen 1959, Godoy-Lutz et al. 2003, 2008) 
1.6. Methods for identification of root rot pathogens 
The identification of different fungi from different ecosystems is important to many 
science fields including medicine, environmental studies and plant pathology. Until the 
1990s, 75,000 species of fungi were identified, among them 10,000 identified as plant 
pathogens. The accurate identification of plant pathogens is key to understanding their 
behavior and relationship to plant diseases in natural and agricultural ecosystems 
(Begerow et al. 2010, Pérez-Sierra & Henricot 2002) for disease management strategies 
against specific pathogens or a complex. Morphological features and molecular DNA 
methods together give a more accurate and complete picture of the root pathogens (Pérez-
Sierra & Henricot 2002).  
Morphological identification of root/crown rot pathogens 
The standard method of identification of microbes is based solely on morphological 
characteristics. Identification of fungi by morphological characters in culture requires 
sub-culturing, examining the sexual reproductive structures and conidiogenesis, 
measuring growth at different temperatures and on selecting culture media (Pérez-Sierra 
& Henricot 2002). A primary system used for identification is based on spore 
morphology and the colony characters of the fungi (Barnett & Hunter 1972). However, 
culture methods can exclude fastidious microorganisms or favor the fast growing 
pathogens, underestimating the slow growing pathogens.  Furthermore, growth of 
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determinant pathogens might have a negative effect on other microorganisms, requires 
trained personnel, and is a tedious process (Gossen et al. 2016). 
One medium for colony growth is water agar (WA), when isolating from infected plants 
after surface sterilization. Water agar promotes slow growth of most fungi or bacteria and 
facilitates the isolation of the target pathogen. Culture media used for general fungal 
growth would include Potato Dextrose Agar (PDA). Most fungi thrive well on PDA, 
although it can be very rich in nutrients for many fungi, causing excessive mycelial 
growth, useful for comparing colony growth and color, but precluding sporulation. 
Alternative media have been found that promote sporulation, such as Carnation Leaf-
pieces Agar (CLA). CLA is used for morphological classification of Fusarium species 
(Stevens 1981) and provides uniform growth in size of the macroconidia for 
identification. On PDA, although less uniform, the colony morphology and pigmentation 
can be observed and used as a secary criterion for species identification (Leslie et al. 
2008). Hyphal tips from Fusarium species are sparse in WA, but make it suitable for 
isolation of the species from root tissue (Leslie et al. 2008). PDA has also been used to 
identify Macrophomina phaseolina isolates (Beas-Fernández et al. 2006).  This fungus 
has two anamorph stages that vary greatly in morphological aspects (Mihail and Taylor 
1995). The, presence or absence of aerial mycelium, color of mycelium, shape and color 
of microsclerotia and the abundance of microsclerotia in the plate dish can be 
distinguished in PDA. Length and width of mycelia and microsclerotia can be 
distinguished in different media (Beas-Fernández et al. 2006). Pythium spp. can be 
distinguished from other root rot pathogens based on sporangia, oogonia wall, antheridia 
and oospores and among Pythium species based on presence, size and shape or character 
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of the reproductive structures (oogonium, oospore, antheridium, and sporangium) 
(Matsumoto et al. 1999).  Similarly, PDA can be used to distinguish Rhizoctonia species 
(Mahmoud et al. 2013), using mycelia mat color and size and abundance of sclerotia.  R. 
solani forms buff to brown mycelia, and the size and abundance of sclerotia vary highly 
according to AG of the isolate. The R. solani strains are grouped based on the hyphal 
anastomosis reaction (Lakshman et al. 2016). At the microscopic level considerable 
difference between sexual spores (basidiospores, teleomorphic stage) can be observed 
(Lakshman et al. 2016).  
The morphological approach promoted advances in fungal identification. However, there 
are some limiting factors or challenges, and therefore morphological identification is best 
used in combination with the DNA based techniques. 
Molecular techniques for identification of fungal and oomycetes causing root-crown 
rots on common bean  
In recent years, fungal infections and disease outbreaks have increased dramatically. 
Questions related to microbe taxonomy, identification and epidemiology (Borman et al. 
2008) are important for plant pathology and medicine but are problematic using 
taxonomy alone. Questions such as how to distinguish a set of pathogens in the same host 
if they have similar morphological features or they lack morphological identifying 
features; or how to detect non-culturable pathogens could not be addressed by 
morphological characteristics. Molecular approaches, based on nucleic acid, are now 
used (complementary to the classical methods) for identification and quantification of 
microorganisms (Gossen et al. 2016, Begerow et al. 2010). Polymerase chain reaction 
(PCR) or basic PCR has been widely used as a tool for fungal pathogen identification 
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(Ristaino et al. 1998, White et al. 1990, Morgan & Huttenhower 2012) and using specific 
oligonucleotides (primers) is considered one of the most sensitive techniques in plant 
pathogen detection (Ristaino et al. 1998). To address taxonomic diversity among 
populations different markers were found that could be identified in a specific genome 
without sequencing the entire genome. Some markers are based on the ribosomal subunit 
protein, elongation factor and RNA polymerase subunits. An example is a widely used 
16S ribosomal RNA subunit gene. By sequencing the internal transcribed spacer (ITS) of 
the nuclear ribosome discriminates among many species (Borman et al. 2008) and assays 
have been developed for the detection of the several plant pathogens (Morgan and 
Huttenhower 2012). The nuclear ribosomal RNA cistron has been used for fungal 
diagnostic for more than 20 years (Begerow et al. 2010) and barcode regions can be used 
for fungal identification (Toju et al. 2012). Sequences based on this marker can be 
matched and identified in databases. There are about 14,000 fully identified fungal 
species available in the public sequence database compared to an estimated 1.5 million 
existing species of fungi (Begerow et al. 2010). In eukariots the rRNA is composed of 
18S nuclear, 5,8S, and 28S rRNA, the 18S is homolog to 16S from bacteria. Traditionally 
for molecular identification of plant pathogenic fungi, PCR amplification of the ITS 
region is followed by either restriction analysis or direct sequencing and a Basic Local 
Alignment Search Tool (BLAST) search against GenBank or other databases (Capote et 
al. 2012). Sanger sequencing-based, a traditional identification approach that requires 
PCR using 2 primers prior to sequencing, is also widely used for pathogen identification.  
In the 1980s, a new culture-independent technique, based on the DNA extracted from the 
infected plant sample rather than the cultured microorganism was introduced (Morgan & 
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Huttenhower 2012). Taxonomic diversity and functional metagenomics were possible 
with these techniques. The recent next generation sequencing with high-through–put 
sequencing, such as Pyrosequencing 454 and illumina Miseq or illumina Hiseq 
techniques, provide an efficient and cost effective tool to study the microbial community 
in various environmental samples (Toju et al. 2012) and to understand how communities 
change (Morgan & Huttenhower 2012). The next generation sequencing (NGS) studies 
based on 454 sequencing identify hundreds of samples at the same time, with low cost 
and time (Schmidt et al. 2013). It reads >400 base pairs of fungal markers such as ITS 
(Jumponem & Jones 2009) and has revealed high fungal diversity in soil samples (Buee 
et al. 2009). However, more recently another technique, the Illumina Miseq platform, can 
recover higher read numbers with a thorough replication of the samples in the same run 
when compared with 454 and has been dominating the sequencing industry. 
Another molecular approach that can distinguish the population structure based on 
genetic diversity is the PCR-fingerprinting (Brasileiro et al. 2004). The PCR- 
fingerprinting marker uses the microsatellite oligonucleotides that amplify genomic 
segments different from the repeated region itself in what is called Single Primer 
Amplification Reaction (SPAR). SPAR uses s single primer based on the core of the 
motif of the microsatellites and with repeat motifs such as (GTG)n. After a PCR reaction 
a different isolate can be discriminated (Brasileiro et al. 2004). This information can help 
to determine if the population is clonal, and helps determine which strategy to use for 
disease management (Stewart et al. 2006).  
In Africa, techniques involving PCR or that are PCR-based have been used for root rot 
pathogen assessment (Nzungize et al. 2011, Binagua et al. 2016, Reuben et al. 2002). 
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Whatmann FTA cards are commercially available, with a technology that is suitable for 
collection, preservation, storage, shipment and recovery of nucleic acids from a matrix. 
Initially it was developed to detect DNA from organisms in blood samples and is now 
used also for DNA, RNA and viral RNA from plant tissues. It can be used for fresh 
samples collected from the field that are spotted on the card, and FTA cards can be stored 
at room temperature. These cards are used when storage space and freezing capacity on 
the sample collection is limited or non-existent, because they can be stored in boxes, 
bags, drawers, or even sent through the mail without ice. FTA filter cards have been 
successfully employed for rapid archiving of DNA from viruses, bacteria, plants, corals, 
protozoa and mammalian tissue sources. Stored FTA cards with DNA can be stable for 
years (Borman et al. 2008). The use of FTA cards as a DNA collection and storage 
method does not require any APHIS or other permits and can be transported between 
states and countries.  
1.7. Root rot management in Africa 
Since multiple soilborne pathogens are associated with root rot and have different 
mechanisms of pathogenicity, it is difficult to devise a single, effective disease 
management strategy (Abawi et al. 2006).  In Africa, different measures to manage the 
disease including using soil amendments, long crop rotations, or leaving the land fallow 
for several seasons have been adopted (Messiaen and Seif 2004). Most soilborne 
pathogens produce survival structures that allow them to survive in the soil for years, 
therefore the practice of leaving land fallow is ineffective. Root rot diseases caused by 
Fusarium spp., Pythium ultimum, Rhizoctonia solani and Macrophomina phaseolina may 
increase with reduced tillage (Abawi & Widmer 2000). Crop rotation schemes have not 
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been very successful either, since most root rot pathogens infect many hosts such potato, 
sugar beet, cotton, numerous vegetables, sorghum and corn; however, corn is often used 
as an intercrop with bean in Africa (Abawi and Pastor-Corrales 1990, Otsyula et al. 
2003). Therefore, the identification of the causal pathogen or pathogens associated with 
root rot disease in a given region is fundamental to determine the best management 
strategies. Once the most common pathogen is identified, the most practical and effective 
strategy would be the use of resistant cultivars (Abawi et al. 2006). In some countries in 
Africa, root rot pathogens have been identified. In Rwanda, Fusarium oxysporum 
(Rusuku et al. 1997) caused serious losses on improved climbing bean varieties 
(Buruchara & Camacho 2000). In Kenya, Fusarium oxysporum fsp. phaseoli has been 
isolated from bean seed and roots as well as soil (Okoth & Siameto 2010). Fusarium 
solani fsp. phaseoli (FSP) is considered the most important Fusarium in the disease 
complex in many countries in Africa (Clare et al. 2010, Otsyula et al. 2003, Buruchara 
and Camacho et al. 2000, Snapp et al. 2003). High phenotypic and genotypic variation 
was found in Kenyan populations of bean-infecting FSP posing a challenge for integrated 
disease management and breeding for resistance (Mwanhombe et al. 2008). Another taxa 
that has recently received attention in Africa is Pythium sp. (Buah et al. 2010; CIAT 
2005, Nzungize et al. 2011, 2012, Otsyula et al. 2003). In East and Central Africa, 
Pythium species were identified as the causal agents of root rots. In Rwanda alone yield 
losses were estimated to be up to 70% on bean cultivars. (Reuben et al. 2002). Breeding 
programs in Uganda, Kenya and Rwanda are developing bean varieties resistant to root 
rot that is predominantly Pythium spp. from disease surveys (Otsyula et al. 2003). In 
Rwanda, 16 Pythium species pathogenic to bean were identified on the basis of their 
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sequence of the ITS rDNA region, and P. vexans was the most widespread in the bean 
fields. In Kenya and Rwanda, where the most African root rot research has been 
conducted over the years, RS was found to be an important pathogen and it occurred with 
FOP, FSP and Pythium spp. (Muthomi et al. 2007, Nderitu et al. 1997, Rusuku et al. 
1997). RS is a complex of different genetic and pathogenic variants also known as 
subgroups. Different subgroups can cause either crown/root rot (Venegas 2008) or web 
blight, and they can coexist in the same niche (seed, soil residues, etc.) and cause disease 
on the same bean host (Godoy-Lutz et al. 1996, Galindo et al. 1982, Muyolo et al. 1993). 
UNL plant pathologists have shown that root rot from Nebraska and web blight from 
Latin America are caused by different subgroups, with different cultural and 
epidemiological characteristics (Venegas 2008, Godoy et al. 2003, 2008). Variation 
within subgroups of the web blight pathogen is influenced by geographical location and 
sampling year and this variation can affect durable resistance (Gonzalez et al. 2012). Due 
to its adaptability to many agroecological zones (Mwang’Ombe et al. 2008) and efficient 
seedborne dispersal (Godoy et al. 1996), RS is one of the focus pathogens most likely to 
impact bean yields throughout Africa due to climate change (Farrow et al. 2011). 
THESIS STATEMENT  
In Mozambique few efforts have been made to identify the pathogens causing or 
associated with bean root rot. Fields showing root rot symptoms in Mozambique have 
been documented (Fig.2) (Celestina Jochua, personnal communication). Moreover, 
Wortmann et al. (1998b) stated that based on predictive models, root rot problems in 
Mozambique would soon become more severe in Manica and Lichinga regions due to the 
climate change vulnerability.  For this reason, the present work will identify the primary 
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pathogen(s) associated with root rot in Mozambique to provide tools to develop disease 
management options. Although molecular data is now widely used in fungal systematics 
and phylogeny, species identification by morphological characterization is needed, and 
living specimens are necessary for disease-resistance evaluation. Therefore, in this work 
both morphological and molecular techniques will be used in order to address the 
research objectives.   
OBJECTIVE 
1)  To identify the most predominant pathogen associated with root/crown rot in 
bean in Mozambican fields 
Sub-objectives 
a) To compare the effectiveness of metagenomics, molecular and culture-
based techniques for identification of the primary fungal/oomycete pathogens 
associated with root/crown rot symptoms from FTA cards containing infected 
tissue sap, and intact infected root/crown tissue 
 b) To assess pathogenicity of isolates obtained from infected plant tissue  
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CHAPTER 2 
ASSESSING THE PREDOMINANT CAUSAL AGENT OF ROOT AND CROWN 
DISEASES OF BEAN (PHASEOLUS VULGARIS L.) IN MOZAMBIQUE BY 
CULTURE AND MOLECULAR BASED METHODS AND METAGENOMICS 
 
2.1. Introduction 
Bean (Phaseolus vulgaris L.) is one of the most important leguminous food crops in the 
world (Ciat 2001, Singh 1999) and a very important source of income (Pachico 1989). In 
eastern and southern Africa it is a major staple (Wortmann et al.1998a) and with the high 
protein content (20-25%) (Broughton et al. 2003) it is ranked the second most important 
source of dietary protein and the third most important source of calories, second only to 
maize and cassava (Wortmann et al. 1998a). In Africa, the majority of the crop is grown 
for subsistence, however about 40% of the production is diverted to marketing 
(Wortmann et al. 1998a) with women as the major contributors in farming. In African 
countries both grains and leaves are consumed.  
Diseases are a major cause of low productivity in crops in sub-Saharan Africa (Forrow et 
al. 2011), and disease outbreaks are often triggered by climatic factors. One example is 
the emergence of root and crown rot (RCR) of bean, which was not considered a major 
constraint of bean production in east and southern Africa until recently, when it has 
become a focus for investigation around the world and in some parts of Africa. Bean root 
rot can be caused by an individual pathogen or a complex of pathogens. In Africa the 
major soilborne pathogens associated with RCR are Phythium spp., (Forrow et al. 2011, 
Abawi and Corrales 1990, Porch et al. 2014), Fusarium solani fsp. phaseoli (FSP) 
47 
 
(Forrow et al. 2011, Abawi and Corrales 1990, Porch et al. 2014, Clare et al. 2010), 
Fusarium oxysporum f.sp. phaseoli (FOP), Rhizoctonia solani (Abawi and Corrales 1990, 
Porch et al. 2014) and Macrophomina phaseolina (Abawi & PastorCorrales 1990, 
Rusuku et al. 1997, Kerr 1963). In eastern and southern Africa, Pythium spp. is seen as 
the major constraint, so efforts in managing RCR have targeted Pythium species 
(Ngunzize et al. 2011, Binawa et al. 2016). 
Predictive models have been used to identify new areas where RCRs are expected to 
become a serious problem. Manica and Lichinga in Mozambique were indicated to be 
among the regions that would become susceptible (CIAT 2003, Wortmann et al. 1998b).  
In Mozambique, bean plays an important role in enhancing food security and farm 
household income (Cachomba and Donavan 2012).  Mozambique is a country known for 
rainfall fluctuations which favor the establishment and emergence of soilborne diseases 
(Wortmann et al. 1998b) such as those causing RCRs. In Mozambique, few studies have 
been conducted to address the main pathogen associated with RCR. Accurate 
identification of the causal pathogen can lead to better management strategies of the 
disease. Morphological and molecular techniques have been used for identification of 
organisms. Morphological features such as sexual or asexual structures (spore size and 
shape), colony pigmentation, texture and growth rate have until recently been the only 
tools used for taxonomic identification of plant pathogens and were useful in providing a 
very important information on identification based on culture process (Rahjoo et al. 
2008).  
Due to morphologically indistinguishable characteristics within the genus, especially 
pathogenic and non-pathogenic species, Fusarium identification has been a challenge 
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(Geiser et al. 2004, Lievens et al. 2008). Different DNA-based techniques have been 
used in order to identify and analyze the population structure of F. oxysporum 
worldwilde. FUSARIUM ID. V.1.0 is a database based on partial translation elongation 
factor 1 alpha (TEF) DNA sequence used for Fusarium species identification (Swarupa et 
al. 2014). 
2.2. Material and Methods 
2.2.1. Sampling sites, collection and processing of plant samples 
Between 2014 and 2015, 88 bean plants with RCR symptoms were grab collected 
(Appendix A) within 30 d after emergence, from the Andean Diversity Panel (Cichy et al. 
2015) and Nebraska RCR screening nurseries at the IIAM (Agrarian Research Institute of 
Mozambique) experimental stations in Chokwe and farmer's fields in Chate and Chissano 
of Gaza province in the south and the Gurue District in the north (Fig. 1). The sampling 
sites represent contrasting climatic and soil conditions (Table 1). Since the samples from 
Chate and Chissano were represented in few numbers they were grouped together with 
the Chokwe samples. Therefore, only two locations were considered.   
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Figure 1. Map of 
Mozambique with red circles 
indicating sample collection 
sites. Two provinces: North- 
Gurue (Agroecological zone 
R10) and South- Chokwe, 
Chato and Chissano 
(Agroecological zone R3) 
were the Andean Diversity 
Panel and Nebrassca dry bean 
nurseries along side with the 
farmer’s fields were sampled. 
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Table 1. Location and soil characteristic information for collection sites of ADP-NE RCR nurseries and the farmer’s fields   
Collection Coordinates (DMS) Soils characteristics 
Site Year Latitude Longitude Altitude 
masl 
Soil types Soil organic matter  
ADP-NE RCR nursery in 
Mutequelesse -  Gurue, 
Zambezia Province 
 
2014 
2015 
15o 19’ 
2.55’’ S 
36o 42’ 
8.01’’ E 
690  Ferralsols Medium (1.6-
3.0%) 
Cool, sub-
humid 
ADP-NE RCR nursery 
field- Chokwe Research 
Station, Gaza Province 
2014 
2015 
24o 30’ 
15’’ S 
33o 00’ 
11’’ E 
34  Salic 
Fluvisol 
(Mananga) 
 
Medium (1.6%-
3.0%) to rich (3.1-
6.0%) 
Semi-arid 
Farmer’s fields- Chate, 
Chokwe, Gaza Province 
2014 
2015 
24o 21’ 
52’’S 
32o 50’ 32” 
E 
43  Eutric 
Fluvisol 
(Mananga) 
 
Medium (1.6%-
3.0%) to rich (3.1-
6.0%) 
Semi-arid 
Farmer’s field- Chissano, 
Gaza Province  
2014 N/D N/D N/D Salic 
Fluvisol 
(Mananga) 
 
Medium (1.6%-
3.0%) to rich (3.1-
6.0%) 
Semi-arid 
ADP-NE RCR nursery 
field- Chokwe Research 
Station, Gaza Province 
 
2015 24o 30’ 
20’’S 
33o 00’ 
07’’E 
33  Salic 
Fluvisol 
(Mananga) 
Medium (1.6%-
3.0%) to rich (3.1-
6.0%) 
Semi-arid 
Farmer’s field- Camul-
Chokwe, Gaza Province 
2015 24o 32’ 
13’’ S 
33o 01’ 
09’’ E 
31  Salic 
Fluvisol 
(Mananga) 
 
Medium (1.6%-
3.0) to rich (3.1-
6.0%) 
Semi-arid 
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Collected plants were processed by first removing soil or debris from the infected section, 
top leaves and part of the healthy stem. The remaining plant with the root and stem or 
hypocotyl was packed into a plastic bag, labeled and stored on an ice cooler and 
transported to a research laboratory where samples were thoroughly washed with tap 
water and blot dried. Healthy plants were also collected for use as controls.  With a clean 
razor blade, a portion of each tissue sample was cut into longitudinal sections, to include 
part of a lesion at the diseased and healthy interface. These portions were cut in small 
pieces and bagged in a 16 oz Nasco® Whirlpack bag and macerated. The resulting 
homogenized extract was spotted onto the matrix in Whatman FTA® cards (Flinders 
Technology Associates) (GE Healthcare UK Limited) with a micropipette, and the FTA® 
card was airdried for 2 hrs at room temperature (22-26 oC) (Fig. 2A, 2B). The remaining 
diseased/healthy interface tissue was air dried and stored in coin envelopes. The area of 
interface between diseased and healthy tissue was used for the sample in order to include 
the microorganisms causing disease that first invade the advanced cells of the RCR 
diseased tissue to cause the symptoms, and which are then followed by saprophytes or 
opportunistic pathogens. Both the FTA® card and the matching plant tissue in the coin 
envelope were labeled as a matched pair, with the sample number, bean variety/line 
name, symptoms, location, dates, and field of collection (Fig. 2C). The samples were sent 
to the laboratory in the Plant Pathology Department at the University of Nebraska-
Lincoln, Nebraska, USA where upon receipt, the samples were kept in a dessicant at 
room temperature until they were processed.  Due to few samples collected from Chate 
and Chissano, proximity of sampling locations we pooled the data from Chato and 
Chissano with the Chokwe for all analyses.  
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Fig. 2. A) Plant tissue homogenate spotted onto a WhatmanTM FTA card, the location of 
the matrix is indicated by the marked circle. B) Spotted and labeled WhatmanTM FTA 
card used for DNA collection in Mozambique and C) matching FTA card and RCR 
diseased plant tissue samples as they were sent to the laboratory at UNL, USA.  
Fungal/oomycete isolations from RCR diseased plant tissue  
Small segments of the samples of the RCR diseased plant tissue were surface sterilized 
by immersing 2-4 mm portions in 10% v/v NaOCL/water for 15 - 30 s, transferring to 
70% alcohol for 15 - 30 s, and finally to distilled water for 1 to 2 m. The segments were 
then blotted on Whatman TM filter paper to air dry, then plated using sterile forceps onto 
2% water agar (WA) in a disposable polystyrene Petri plate. Once the hyphal tips of the 
developing fungal colonies reached about 4 mm in length they were transferred onto 
potato dextrose agar (PDA) (39g/L) for growth.  Within 2-4 d, 4 mm mycelial plugs were 
subcultured to four PDA plates and one WA plate for each isolate. These plates were 
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used for morphological observations, pathogenicity tests and DNA extraction of mycelia 
for downstream analysis. 
2.2.2. Morphological analysis and identification for fungal/oomycetes  
Culture characteristics were analyzed in three culture media: water agar (WA), potato 
dextrose agar (PDA) and carnation leaf agar (CLA) (Fisher et al. 1982, Leslie & 
Summerell 2008). The characteristics used for analysis were growth pattern, colony 
texture and pigmentation, spore shape and size, and growth rate of the colonies.  On WA 
the colonies were checked for the presence or absence of sporulation. Mycelial plugs 6 
mm from the WA colony edge of each isolate were transfered to PDA plates and 
incubated under continuous darkness for 9 d at 22-25 oC. The process for each isolate was 
replicated 3 times. Colony diameter was measured every 3 d by taking the average of two 
opposite diamenters at the bottom (reverse side) of the plate. Colony texture and color on 
PDA were evaluated for each isolate. Genus or species of fungi/oomycetes was 
tentatively identified according to several identification keys (Dhingra and Sinclair 1978, 
Dugar 2006 and Watanabe 2010). Species of Fusarium were preliminarily identified 
based on the color and growth pattern of colonies on PDA, then transferred to CLA for 
morphological analysis of macro- and micro-conidia and chlamydospores according to 
keys for identification (Burgess et al. 1994, Leslie et al. 2006). Fusarium isolates were 
grown on CLA in petri plates at 20-24 oC with 12 h light/12 h darkness regime for 10 d. 
When the fungal colonies sporulated on CLA, scrapes of spore masses growing on the 
leaf surface were transferred onto a drop of lactophenol-cotton blue on a glass slide for 
microscopic observations. The spore shape was observed and recorded using a compound 
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light microscope mounted with a Motic camera (National Optical Instruments, Inc.) at 
40x magnification.  
2.2.3 Pathogenicity assay 
By culturing on PDA media from the RCR diseased plant tissue, 333 recovered isolates 
were tested for pathogenicity (Fig. 3A-E). Two-week-old susceptible UI-114 bean 
seedlings, grown in 6 x 4 cm plastic cells containing steamed soil mix in the greenhouse, 
were inoculated using a modified straw test (Mukuma 2016).  For the modified straw test, 
new plastic drinking straws were cut into 2.5 cm-long pieces, and each piece sealed at 
one end with hot forceps. A 6 mm plug using the cut straw was taken from the advancing 
mycelial edge of a 3-d-old colony on a PDA plate, with the mycelia facing outward. The 
straw was then placed over a petiole, with the trifoliolate removed, and pushed in until 
the plug reached the sealed end of the straw and the petiolete was in complete contact 
with the mycelia (Fig. 3B). Each inoculation was replicated four times. Inoculated plants 
were transferred to a mist chamber where conditions were set for humidity ≥ 80% and 
temperature 23±3 ⁰ C. Control plants were inoculated with clean PDA plugs. After 48 h 
the plants were moved to greenhouse benches and arranged in a completly randomized 
design. The lesions were observed and the lesion length for each petiole was measured 
and recorded at 48 h after removal from the mist chamber (Fig. 3C). Data were analyzed 
using The Statistical Analysis System (SAS) v 9.2 (SAS Institute, Inc. Cary, NY). Mean 
comparisons were determined using Fisher Protected Least Significance Difference at P= 
0.05. 
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To fulfill the Koch’s postulates, the inoculants were re-isolated from the infected petiole 
and grown on WA and transfered to PDA to compare cultural and morphological 
characteristics to the original isolate (Fig. 3D, E). 
 
Figure 3.  Pathogenicity test procedure and Koch’s Postulates process showing A) culture 
plate of RCR isolate grown on PDA media, B) healthy bean plant inoculated with straw 
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containing mycelial plug, C) disease symptoms on plant, D) measurement of disease 
lesions, E) diseased tissue cleaned for re-isolation and culturing, F) re-isolated culture 
compared to original culture.  
2.2.4. Molecular analysis and DNA sequencing 
DNA extraction from FTA® cards, RCR diseased plant tissue and isolated 
fungal/oomycete cultures  
DNA extraction from FTA  
The total DNA impregnated in the matrix of FTA® cards was recovered for further 
downstream analysis using PowerClean Pro DNA Cleanup kit (catalog no. 12997-50 MO 
BIO Laboratories, Inc., Carlsbad, CA) and the manufacturerer’s protocol with some 
modifications.  
Prior to elution, a 1 cm2 section within a spotted circle on the FTA® card was excised 
and placed into a 2 ml centrifuge collecting tube using sterile forceps and scissors. A 
volume of 200-300 µl of TRIS-EDTA buffer solution (Fluka Analytical, Sigma-Aldrich 
Co, St. Louis, MO, USA) was added to the tube, then vortexed for 30 s and incubated at 4 
ºC overnight. The hydrated 1 cm2 card membrane section was squeezed with sterile 
forceps to release the nucleic acids to the buffer solution in the tube and discarded. One 
hundred µl of eluted DNA was transferred by pipetting. A volume of 50 µl of Power 
Clean Pro DNA Solution DC1 was added to the eluted DNA and the mixture briefly 
vortexed, then 50 µl of Power Clean Pro DNA Solution DC2 was added to the mixture 
and vortexed. The tubes were centrifuged at 13,000xg for 2 m in a SpinMate 24 
(GeneMate, VWR, Radnor, PA) at room temperature. Avoiding the pellet, the entire 
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volume (from 160 up to 190 µl expected) of supernatant of the mixture was transferred to 
a clean 2 ml collection tube. Then 400 µl of solution DC3 was added and the tubes 
briefly vortexed and centrifuged to remove any solution in the cap. Approximately 600 µl 
of the mixture was loaded into a spin filter and centrifuged at 10,000 x g for 1 m and the 
flow-through discarded.  A volume of 500 µl of PowerClean Pro DNA Solution DC4 was 
added to the spin filter and centrifuged at 10,000 x g for 30 s at room temperature and the 
flow-through discarded. Once again the 500 µl PowerClean Pro DNA Solution DC4 was 
loaded to the spin filter and centrifuged at 10,000 x g for 30 seconds at room temperature 
and the flow through discarded. The spin filter was then centrifuged twice at maximum 
speed (13,000 x g) for 2 m to eliminate any residual alcohol of the solution DC4. The 
spin filter was then carefully placed in a new 2 ml collection tube, and 100 µl of 
PowerClean Pro DNA Solution DC5 was added to the center of the white filter 
membrane and centrifuged at 10,000 x g for 30 s. The spin filter was then discarded and 
the DNA collected in the 2 ml collection tube was kept.  Finally, the DNA purity and 
concentration were determined by spectrophotometry with a Nanodrop Lite (Thermo 
Scientific Wilmington, DE, USA) and the DNA samples stored at -20 ⁰ C. 
DNA extraction from RCR diseased plant tissue  
The total DNA was extracted from the RCR diseased plant tissue using the PowerPlant 
Pro DNA isolation kit (catalog no. 13400-50 MO BIO Laboratories Inc; Carlsbad, Calif.); 
and the protocol from the manufacturer with slight modifications. Prior to DNA 
extraction, sections of the interface between lesions and healthy bean tissue were ground 
in a mortar and pestle with liquid Nitrogen, and stored in 1.5 ul centrifuge tubes.  About 
100 mg of ground tissue was loaded into 2 ml PowerPlant Bead tubes. With a pippete, 
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410 µl of the PD1 solution were added to the tube. A pre-heated dry bath was used to 
heat the bead tubes at 65 ⁰ C for 10 m. The bead tubes were allowed to cool down to 
room temperature, and 50 µl of solution PD2 and 3 µl of RNase was added to the tube. 
The mycelia were homogenized by vortexing the tubes at maximum speed for 10 m using 
MO BIO Vortex Adapter (MO BIO Catalog# 13000- V1-24). The suspension was then 
centrifuged at 13,000 x g for 2 m in a SpinMate 24 (GeneMate, VWR, Radnor, PA). The 
supernatant was transferred to a clean 2 ml collection tube, and 175 µl of the PD3 
solution was added and vortexed for 5 s to mix the solution. The solution was incubated 
at 4 oC for 5 m and then centrifuged for 2 m at 13,000 x g in a SpinMate 24 (GeneMate, 
VWR, Radnor, PA). Avoiding the pellet, 600 µl of supernatant was transferred to a clean 
2 ml collection tube where 600 µl of PD4 solution and 600 µl of PD6 solution were 
added and vortexed for 5 s to mix. Approximately 600 µl of this mixture was loaded onto 
the spin filter and centrifuged at 10,000 x g for 30 s, and then the flow-through discarded 
and the spin filter placed back into the collection tube. This step was repeated 3 times to 
pass all the lysate through the spin filter. Then 500 µl of PD5 solution was added to the 
spin filter column, then centrifuged at 10,000 x g for 30 s and the flow-through discarded. 
The spin filter was placed back into the same collection tube, and 500 µl of PD6 solution 
was then added to the spin filter column and centrifuged for at 10,000 x g for 30 s. The 
flow-through was discarded and the spin filter placed back into the same collection tube. 
The spin filter tube was then centrifuged twice at maximum speed for 2 m to remove any 
excess of solution PD6. This step was repeated twice. The collection tube was discarded 
and the spin filter column placed into a new collection tube. Then 100 µl of the PD7 
Solution (10 mM Tris, pH 8.0) was added to the center of the white filter membrane in 
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the spin filter and incubated for 2 m at room temperature. The spin filter tube was then 
centrifuged at 10,000 x g for 30 s and then spin filter discarded and the collection tube 
retained. Finally, the DNA purity and concentration were determined by 
spectrophotometry with a Nanodrop Lite (Thermo Scientific Wilmington, DE, USA) and 
the DNA samples stored at -20 ⁰ C. 
DNA extraction from isolated fungal/oomycete cultures 
The genomic DNA was extracted from fungal mycelia and followed the same protocol as 
described in plant tissue by using a PowerPlant® ProDNA isolation kit (cat. no. 13400-
50, MO BIO Laboratories, Inc., Carlsbad, CA) using the manufacturer’s recommended 
protocol. A cork borer was used to harvest the hyphal mycelia by collecting 5-10  3 mm 
plugs from the edges of the colonies. The mycelia side of the plug was then transferred 
(removing as much PDA media as possible) into 2 ml PowerPlant Bead tubes, and 
processed as described above. 
2.2.4.1. Polymerase chain reaction (PCR) amplification of genomic DNA isolated 
from fungal/oomycete cultures for Sanger sequencing 
For the molecular taxonomic identification of the fungal/oomycete isolates, DNA of each 
isolate was amplified by PCR using two Internal Transcribed Spacer (ITS) primer sets 
ITS 5 (5’-GAAAGTAAAAGTCGTAACAAGG-3’) and ITS4, (5’- 
TCCTCCGCTTATTGATATGC-3’) (White et al.1990).  A volume of 25 µl of PCR 
reaction mixture was prepared by adding 1 µl of genomic DNA to 24 µl of a master 
mix/tube containing 9.5 µl sterile ddH2O, 12.5 µl Econotaq® PLUS GREEN 2X Master 
mix (Lucigen, Madison, WI, USA) 1 µl of 0.2mM/µl of each primer, ITS5 forward and 
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ITS4 reverse. The PCR amplifications were conducted in PTC-100 thermal cycler (Bio-
Rad laboratories, Hercules, CA). The PCR cycles for ITS 5 and ITS4 are described in 
Table 2.  To confirm reliability of identification of Fusarium species, amplification of the 
partial EF-1α gene was conducted using primer pairs EF1 (5’-
ATGGGTAAGGA(A/G)GACAAGAC-3’) and EF2 (5’-GGA(G/A)GTACCAGT(G/C) 
ATCATGTT-3’) (O’Donnell et al. 1998) (Appendix C). The PCR reaction was 
performed in a total 25 µl volume mixture for each strain. The reaction was prepared by 
adding 24 µl of a master mix/tube containing 9.5 µl PCR grade sterile ddH2O, 12.5 µl 
Econotaq ®PLUS GREEN 2X Master mix (Lucigen, Madison, WI), 1 µl of 0.2 mM/µl of 
each primers EF-1 forward and EF-2 reverse and 1 µl of genomic DNA. The PCR 
amplifications were conducted in a PTC-100 Thermal Cycler (Bio-Rad laboratories, 
Hercules, CA). The PCR cycles for primers EF1/EF2 are described in Table 2.  
 
Table 2.  Oligonucleotides used for PCR amplification and Sanger sequencing of DNA 
from samples from the FTA cards, tissue and cultured isolates collected from the RCR 
symptomatic plants in nurseries and farmer’s fields from Chockwe and Gurue in 2014 
and 2015.  
Target 
Fungi/ 
oomycetes 
Primer 
Code 
      Primer 
Sequence 
(5’→3’) 
   Target  
   Gene 
 
Amplifie
d Product 
Size(bp) 
PCR 
Programs 
Source 
Pythium spp. FM 66 
 
 
FM 58 
COX II 
TAGGATTTCAA
GATCCTGC 
 
CCACAAATTTC
ACTACATTGA  
cytochrome 
oxidase II 
544-689  35 cycles; 
94°C - 30s  
52° C - 30s 
72°C - 60s 
  Martin,  
   2000 
 
Macrophomina 
phaseolina 
MpkF1 
 
 
MpkR1 
CCGCCAGAGG
ACTATCAAAC 
 
CGTCCGAAGC
GAGGTGTATT 
Internal 
Transcribed 
Spacer rRNA 
300-400  35 cycles; 
95°C – 30s 
56°C – 60s 
72°C – 120s  
Kishore 
Babbu et al., 
2007 
 ITSFu1F CAACTCCCAA Internal 
Transcribed 
300-400  40 cycles; 
94°C – 60s 
Ed Elsalam 
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Fusarium spp. 
 
 
 
ITSFu1R 
ACCCCTGTGA 
 
GCGACGATTA
CCAGTAACGA 
Spacer rRNA 58°C – 60s 
72°C – 120s  
KA et al., 
2003 
EF1 
 
 
 
EF2 
ATGGGTAAGG
A(A/G)GACAAG
AC 
 
GGA(G/A)GTAC
CAGT(G/C)ATC
ATGTT 
Translation 
Elongation 
Factor ( 1-α) 
~700  40 cycles; 
94°C – 60s 
53°C – 60s 
72°C – 120s 
O'Donnell et 
al., 1998 
 
Rhizoctonia 
solani  
R1 
 
 
R4 
CCTGTGCACCT
GTGAGACAG 
 
TGTCCAAGTCA
ATGGACTAT 
Internal 
Transcribed 
Spacer rRNA 
475-550  35 cycles; 
94°C - 30s 
56°C - 30s 
72°C - 60s 
Camporota et 
al., 2000 
 
Fungi General 
 
ITS5 
 
 
 
ITS4 
GGAAGTAAAA
GTCGTAACAA
GG 
 
TCCTCCGCTTA
TTGATATGC 
Internal 
Transcribed 
Spacer rRNA 
550-700  35 cycles; 
94°C – 30s 
55°C – 30s 
72°C – 60s 
White et al., 
1990 
 
For both sets of reactions, the volume of master mix per tube and sample was doubled to 
increase the amount of PCR product of each isolate in individual reactions. The PCR 
amplicons were separated by electrophoresis in a 1.5% gel agarose, prepared by adding 
1.5 g agarose from Ultra-pure® and Quick dissolve agarose (Invitrogen, Carlsbad, CA) 
gel to 100 ml of 0.5X Tris-borate EDTA (TBE) buffer. The amplicons and Gel-Ready™ 
100bp DNA Ladder (Lucigen, Madison, WI) were run at 100 V for 1h and stained with 
ethidium bromide for visualization under an UV light in a ChemiDoc EQ System with the 
Quantity One software (Bio-Rad Laboratories, CA). For those samples showing a single 
band the PCR product was directly purified using Ultra-Clean PCR Clean-up Kit (Cat. # 
12500-50 MO BIO Laboratories, Inc., Carlsbad, CA) according to manufactures's 
protocol, whereas samples showing more than one band were rerun and the amplicons 
excised and cleaned using the IBI Gel/PCR DNA fragments Extraction kit (lot # 
TJ25208, IBI Scientific, IA, USA) following manufacturer's protocol.  Purified 
62 
 
amplicons were sent to ACGT, Inc. (Wheeling, IL, USA) for genomic DNA Sanger 
sequencing.  
2.2.4.2. Polymerase chain reaction (PCR) amplification of total DNA from FTA 
cards and RCR diseased plant tissue for identification of genus/species of isolates 
Four main pathogens associated with root/crown rot on dry bean in Mozambique were 
targeted for identification at genus/species levels.  The total DNA from each sample was 
used for PCR amplification. For each genus or species one set of primers were used: 
FM66/58 COX II primers were used for Pythium species amplification (Martin 2000); 
ITSFu1F/ITSFu1R primers were used Fusarium species amplification (Abd-Elsalam et 
al. 2003); RS1/ RS4 primers were used for amplification of Rhizoctonia solani 
(Camporata et al. 2000); MpkF1/MpkR1 primers were used for amplification of 
Macrophomina phaseolina (Babu et al. 2007) (Table 2). Positive control samples of M. 
phaseolina, Pythium ultimum, Rhizoctonia solani AG-4 and F. oxysporum from previous 
collections in Scottbluff, Nebraska were used for the PCR analysis.    
The PCR amplification reaction was prepared for each of the primer pairs. A 25 µl PCR 
reaction mixture was prepared, which contained 24 µl of master mix/tube composed of 
9.5 µl sterile ddH2O, 12.5 µl Econotaq PLUS GREEN 2X Master mix (Lucigen, 
Madison, WI), 1 µl of 0.2 mM/µl each forward and reverse primers, and adding 1 µl of 
total DNA. The PCR amplifications were conducted using a thermal cycler PTC-100 
(BioRad laboratories, Hercules, CA). The PCR temperature reaction regimes were set 
specifically for each group of organisms (Table 2).  PCR amplicons were separated by 
electrophoresis in a 1.5% gel agarose, prepared by adding a 1.5 agarose from Ultra-pure® 
and Quick dissolve agarose (Invitrogen, Carlsbad, CA) gel to 100 ml of 0.5X Tris-borate 
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EDTA (TBE) buffer. The amplicons and Gel-Ready™ 100bp DNA Ladder (Lucigen, 
Madison, WI) were electrophoesed at 100 V for 1h and stained with ethidium bromide 
for visualization under an UV light in a ChemiDoc EQ System with the Quantity One 
software (Bio-Rad Laboratories, CA).  
2.2.4.3. Application of Next Generation sequencing (NGS) technology to DNA 
samples from FTA cards and plant tissue  
Next generation Sequencing analysis was performed using PCR primers Euk SSU euk7F 
(AACCTGGTTGATCCTGCCAGT)-euk570R (GCT ATTGGAGCTGGAATTA) 
amplifying the 18S rRNA gene V4 variable region. A single-step PCR with the 
HotStarTaq Plus Master Mix Kit (Qiagen, USA) included 94 °C for 3 m, followed by 28 
cycles of 94 °C for 30 s, 53 °C for 40 s and 72 °C for 1 m, and a final step at 72 °C for 
5 m. After amplification, PCR products were visualized in a 2% agarose gel to determine 
the success of amplification and the relative intensity of bands. Multiple samples were 
pooled together (e.g., 100 samples) in equal proportions based on their molecular weight 
and DNA concentrations. Pooled samples were purified using calibrated Ampure XP 
beads, then the pooled and purified PCR product was used to prepare the Illumina DNA 
library. Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX) 
on a MiSeq (Illumina Inc, San Diego, CA) following the manufacturer’s guidelines.  
Sequence data were processed using a standard taxonomic analysis pipeline (MR DNA). 
Briefly, the raw dataset was depleted of barcodes and primers, followed by sequences 
<200 bp, sequences with ambiguous base calls and those with homopolymer runs 
exceeding 6 bp. Sequences were de-noised, operational taxonomic units (OTUs) 
generated and chimeras removed. The OTUs were defined by clustering at 3% 
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divergence (uclust, 97% similarity) followed by removal of singleton sequences and 
chimeras. Final OTUs were taxonomically classified using BLASTn against the curated 
GreenGenes and RDPII based database (DeSantis et al. 2006, McDonald et al. 2012). 
 
2.3. DATA ANALYSIS AND STATISTICS  
Sequence chromatograms of ITS rDNA were opened with Chromat.V 2.6.4 
(Technelysium Pty., Australia), to generate FASTA files. To infer the identification of the 
isolates at species level, the ITS rDNA sequences were subjected to the search tool 
BLAST against NCBI GenBank (http://www.ncbi.nlm.nih.gov/).  
The species abundance in different location/yr was estimated as sequence reads and 
Operational Taxonomic Units (OTUs) from Illumina sequencing. Heat map analysis was 
performed according to the % of relative abundance of species obtained from Illumina 
MiSeq analysis for FTA cards and RCR diseased plant tissue, and Sanger sequencing for 
the culture method. Sequences with reads below 10 bp were removed from analysis, and 
the remaining OTUs per species were used.  The OTU's from Illumina MiSeq analysis 
were used to compare performance of the FTAcards and tissue as methods of collection 
and storage of DNA. The analysis was done with the non-parametric rank ordinal 
correlation, Spearman rho using the software SAS. The OTU’s from Illumina sequencing 
were also used to compare with the culture-based and PCR amplification methods for 
detecting of the main four root/crown rot group pathogens. To determine the frequency of 
the four main fungal/oomycete genus/species Fusarium spp., Macrophomina phaseolina, 
Rhizoctonia solani, Pythium spp. generated by PCR amplification with specific primers, a 
binary matrix was constructed for the dataset with each coded as presence (1) and 
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absence (0) of the expected fragment. Non-parametric alpha diversity statistics Shannon 
diversity index (Shannon, 1963) and Simpson diversity index (Simpson, 1949) were 
calculated with the PAST (PAleontological STatistics) v 3.12 program (Hammer et al. 
2001) to determine the diversity index based on the OUT’s detected from Illumina 
sequecing and Cultures isolates. Venn diagrams to display similarities (shared) 
/distinctiness (unique) among species from Gurue and Chokwe from Illumina MiSeq 
were constructed with Adobe Illustrator CC 2017 (Adobe Systems Incorporated, San 
Jose, California, U.S.A). 
2.4. RESULTS 
2.4.1. Morphological identification 
All the 333 isolates obtained in culture were observed for colony characteristics. Based 
on their morphological characteristics (Fig. 4) on PDA and WA under microspcopic 
examination, the first group was Alternaria spp., Fusarium spp., Pythium spp., 
Macrophomina phaseolina, Rhizoctonia solani and other species. The Alternaria 
alternata was characterized by profuse radial or circular grayish to dark green, hairy 
mycelia with some clear zones. Reverse of colonies were dark gray to black. Fusarium 
spp. groups varied in terms of color and growth shape and growth rate on mycelia. The 
color went from white, tan or purple to red, and the growth shape from circular smooth to 
rough. Rhizoctonia solani was buff brown with a circular colony. With Macrophomina 
phaseolina the mycelial production was intermediate and the mycelia gray on top, the 
reverse was black. Rhizoctonia solani formed buff to brown mycelia mats with brown to 
dark brown sclerotia, whereas the growth of Pythium spp. showed abundant white, 
smooth mycelia, but on the reverse a regular white colony. Further microscopic analyses 
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of characteristics based on spore shape and size on CLA made it possible to group the 
Fusarium species into 3 subgrups: F. solani, F. oxysporum and F. equiseti. (Fig.4).   
 
Figure 4.  Colony characteristics on PDA of important fungal isolates on the left. Top and 
bottom of culture plates are shown. Spore micrographs of pathogenic Fusarium species 
isolated from the RCR diseased tissue are shown to the right of the plates. The spore 
shape was analyzed on CLA culture media and observed using microscopy.  
Based on the growth rate, pigmentation and mycelial texture, 5 genera were identified. 
Alternaria spp., Fusarium spp., Pythium spp., Macrophomina phaseolina and 
Rhizoctonia spp. Among the identified isolates, Pythium spp. were the ones that showed 
the fastest growth rate and Macrophomina phaseolina the one with least growth rate 
(Table 3). 
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Table 3. Morphological characteristics of isolates recovered from the RCR plant tissues 
cultured on PDA.  Growth rate, pigmentation and mycelial colony texture of the 
representative pathogenic isolates are represented.  
  Culture Characteristics 
Species  Growth 
ratea  
Pigmentation on PDA Mycelial colony texture 
Alternaria spp  8 Top- gray to green; bottom 
dark gray  
Sponge 
Fusarium 
equiseti 
7.8 Top- buff to brown and  
yellow; bottom yellow to gray 
Aerial and fluffy 
Fusarium 
oxysporum 
8.1 Top- color variation (white, 
purple, beige,); bottom- red 
pink, purple, pink,  
Abundant aereal fluffy 
hairy and smooth 
Fusarium 
solani 
7.9 Top- cream to tan brownish; 
bottom- tan to yellow 
Hairy smooth 
Macrophomina 
phaseolina 
4.7 Top- gray to dark olive; 
bottom-dark gray to black 
Hairy smooth 
Pythium spp 8.5 Top- white; bottom- white  Fluffy to aqua-like 
smooth 
Rhizoctonia 
solani 
7.0 Top- yellow to tan; bottom- 
light brown to tan   
Flat to fluffy  
a Diameter in cm after 9 days at 25 ˚C in dark 
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2.4.2. Pathogenicity assay 
The 333 isolates recovered from RCR diseased plant tissue from Chokwe and Gurue in 
the 2014 and 2015 growing seasons were tested for pathogenicity (Appendix B). 
Symptoms of watersoaking followed by wilting and necrosis of the stem of 14-d-old 
Pinto 114 bean plants were recorded within three d after inoculation. At least 60% of the 
isolates were pathogenic. The majority of the isolates (77%) were from Gurue 2014 
(Table 4).  
 
Table 4. Percentages of pathogenic and non-pathogenic isolates recovered on culture 
media from RCR diseased tissue samples collected from Chokwe and Gurue 2014 and 
2015 
Location/year 
Number 
of 
samples 
Number of 
symptomatic 
samples from 
which isolates 
were recovered 
Number 
of 
isolates 
per 
location 
Percentages of pathogenic 
isolates 
Pathogenic 
 
Non-
pathogenic 
2014      
Chokwe 29 20 (69%) 91 34 (38%) 57(62%) 
Gurue 23 21 (91%) 132 101 (77%) 31(27%) 
2015      
Chokwe 22 15 (68%) 51 26 (51%) 25 (49%) 
Gurue 14 14 (100%) 59 40 (70%) 19 (30 %) 
Total 88 70 333 201 132 
 
From the isolates tested for pathogenicity, in all locations and year, Fusarium spp. was 
the most represented with the higher percentage of pathogenic isolates in almost all 
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locations: in Chokwe 2014 and Gurue 2014 and 2015. An exception was in Chokwe 2015 
were Macrophomina phaseolina was the most pathogenic taxa (Table 5).  
Table 5. Genus/species recovered from plant tissue samples of RCR symptomatic plants 
and tested for pathogenicity. Percentages of pathogenic isolates from A) Chokwe and B) 
Gurue from 2014 and 2015 and the totals for the four main isolates: Fusarium spp., M. 
phaseolina, Pythium spp. and R. solani.  
 A Chokwe 2014 Chokwe 2015 
 
Pathogenic 
Non-
pathogenic Total  Pathogenic 
Non-
pathogenic Total 
Taxon # % # % 
 
# % # % 
 
Fusarium spp. 26 77 11 19 37 14 54 1 4 15 
M. phaseolina  0 0 0 0 0 11 42 0 0 11 
Pythium spp. 0 0 0 0 0 0 0 0 0 0 
R. solani 0 0 0 0 0 0 0 0 0 0 
Others  8 24 46 81 54 1 3 24 0 25 
Total  34 100 57 100 91 26 100 25 100 51 
                      
 B Gurue 2014 Gurue 2015 
  Pathogenic 
Non-
pathogenic Total Pathogenic 
Non-
pathogenic Total 
Taxon # % # % 
 
# % # % 
 
Fusarium spp. 99 98 21 68 120 32 80 6 32 38 
M. phaseolina  0 0 0 0 0 2 5 0 0 2 
Pythium spp. 0 0 0 0 0 1 3 0 0 1 
R. solani 2 2 0 0 2 1 3 3 16 4 
Others  0 0 10 0 10 4 10 10 53 14 
Total 101 100 31 100 132 40 100 19 100 59 
 
In Chokwe 2014, Fusarium oxysporum and Fusarium solani constituted 41 and 13% of 
the pathogenic isolates, respectively. Similarly, in Gurué 2014, Fusarium oxysporum, F. 
equiseti and F. solani accounted for 58, 18 and 13% of the pathogenic isolates, 
respectively. In Chokwe 2015, Macrophomina phaseolina, F. oxysporum and F. solani 
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accounted for 48, 23 and 15% of the pathogenic isolates, respectively. Gurue 2015 
consistently showed F. oxysporum, F. solani and F. equiseti as the major pathogens with 
49%, 15% and 13% of pathogenic isolates, respectively. Although not present in large 
numbers, Macrophomina phaseolina (5%), Pythium ultimum (3%) and Rhizoctonia 
solani (3%) were among the most pathogenic isolates from Gurue 2015 (Fig.5). The 
results of the pathogenicity assay based on mean lesion length in cm and their standard 
deviation are presented in Appendix DA to D.  Overall, F. oxysporum followed by F. 
solani, F. equiseti, and F. proliferatum were highly pathogenic regardless of the location 
or year. P. ultimum, R. solani and M. phaseolina, although represented by few isolates, 
were also very pathogenic. Other species such as Alternaria alternata, Epicocum 
sorghinum, Phaeosphariosis sp. and Septosphaeria were also pathogenic to bean 
(Appendix AA, B, C, D). F. oxysporum was the pathogen that showed the highest mean 
lesion length in all locations, being represented always by “A” on t-Grouping. 
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Figure 5. Species of fungi and oomycetes isolated from RCR symptomatic plant tissue 
that were shown to be pathogenic, represented in percentages by location and year: A) 
Chokwe, 2014 B) Chokwe, 2015 C) Gurue, 2014 D) Gurue, 2015 
2.4.3. DNA Sanger sequencing for isolate identification 
From 88 symptomatic root samples, fungal isolates were recovered in 70 samples, which 
included 20 of 29, 21 of 23, 15 of 22 and 14 of 14 root samples from, Chokwe 2014, 
Gurue 2014, Chokwe 2015 and Gurue 2015, respectively. A total of 333 fungal isolates 
were collected in culture, from Chokwe 2014 (91), Gurue 2014 (132), Chokwe 2015 (51) 
and Gurue 2015(59) (Table 4).  
 From 333 isolates, 327 were recovered on PDA and successfully amplified and identified 
through a BLAST query of the NCBI Genbank database to >98% match. However, 6 
were not identified to species level by sequence analysis of their 500-600 bp fragment of 
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the ITS r DNA region (Appendix B). 42 distinct fungal, and one oomycete species, 
Pythium ultimum, were isolated in culture, and 23 genera were recovered including 
Fusarium, Alternaria, Phoma, Macrophomina and Rhizoctonia. Nectria haematococa 
was clustered with F. solani complex when grouping the isolates. The percentage of 
detection was calculated per location year. In Chokwe 2014 Alternaria alternata (26.1%) 
followed by F. oxysporum and F. solani with 21.6% and 10.2 % were the most 
predominant species isolated. Macrophomina phaseolina (42%) had the most pathogenic 
isolates in Chokwe 2015 followed by F. oxysporum, F. equisete, and F. solani with 11.8, 
9.8 and 7.8%, respectively. In Gurue 2014, Fusarium oxysporum showed the highest 
percentage in isolation with 52% followed by F. equiseti and F. solani with 19% and 
11% respectively. In Gurue 2015, the predominate isolate was F. oxysporum (35.1%) 
followed by F. equiseti (14%), F. solani and Rhizoctonia solani. Another isolate 
associated with RCR that was found in Gurue 2015 was Pythium (2%).  Overall the most 
abundant pathogen identified was Fusarium oxysporum with 34% followed by F. 
equisete (13%), F. solani (10%), Alternaria alternata (9%) and other RCR associated 
fungi such Macrophomina phaseolina (4%) and Rhizoctonia solani (2%), indicating that 
F. oxysporum is the most predominant pathogenic fungus in these two areas in 
Mozambique. 
2.4.4. Direct identification of four primary fungal pathogens associated with RCR 
symptoms by PCR amplification with genus/species specific primers 
Total DNA from all fungal samples was amplified using genus and species specific 
primers through PCR to detect the presence or absence of the four major pathogens 
associated with RCR symptoms of bean. The electrophoretic single fragment from the 
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amplification of DNA samples and positive control samples with the genus/species 
specific primers as consistent with the expected fragment size for Fusarium spp., Pythium 
spp., Rhizoctonia solani and Macrophomina phaseolina thus confirming the presence of 
either genus or species. (Fig. 6 A, B, C, D).  
 
 Figure 6.  Electrophoretic visualization of banding patterns based on PCR amplification 
of the DNA of the symptomatic RCR tissue, using genus/species specific primers for A) 
Fusarium spp., B) Pythium spp., C) Rhizoctonia solani, and D) Macrophomina 
phaseolina.  
 The frequency of isolation was calculated across the locations and years. Considering 
both the FTA cards and RCR bean tissue samples, Fusarium spp. was the fungal group 
which consistently appeared for all locations, years and methods, with the exception of 
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Chokwe 2015 samples, where Macrophomina phaseolina was detected with the highest 
frequency. In Gurue 2015 tissue F. oxysporum was the only fungal pathogen detected 
(Table 6). Overall, a higher percentage of amplifications were obtained from DNA 
samples extracted from RCR diseased plant tissue than from FTA cards. 
Table 6. Detection frequency of four main pathogen groups, Fusarium spp., R. solani, M. 
phaseolina and Pythium spp. associated with RCR by PCR amplification. The DNA 
aliquots stored on FTA cards and diseased tissue samples collected from both 2014 and 
2015, in both Chokwe and Gurue.  
                    
  Chokwe 2014 Chokwe 2015 Gurue 2014 Gurue 2015    
  
 FTA 
cards Tissue  
 FTA 
cards 
 
Tissue 
 FTA 
cards 
 
Tissue  
FTA 
cards 
 
Tissue    
Fusarium spp. 79 83 41 64 65 91 36 100   
Rhizoctonia solani 40 72 9 18 4 17 0 0   
Pythium spp. 24 41 18 64 0 13 0 64   
Macrophomina 
phaseolina 35 52 55 86 26 4 0 71   
Number of samples 29 29 23 23 22 22 14 14   
                    
 
2.4.5. Application of next generation sequencing (NGS) technology for DNA analysis 
from FTA cards and plant tissue samples 
Illumina sequencing was used for DNA analysis of from either FTA cards or tissue. The 
taxa are assigned to the left of the heat map at genus and species level (Fig. 7, 8). The 
proportion based on calculated relative abundance is on the right and is color coded. 
Different species were found based on the Operational taxonomic units (OTUs) reads but 
species with reads of less than 10 sequences were removed from the counts. In location-
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year overall, Fusarium oxysporum was the most abundant isolated OTU in both FTA and 
tissue, associated with RCR, followed by Fusarium solani and Rhizoctonia solani. Other 
fungal/oomycete species that have been associated with RCR symptoms such as Pythium 
ultimum comprised a lower proportion. Macrophomina phaseolina, a fungal species also 
associated with RCR symptoms of legumes, was not detected by Illumina sequencing in 
either location or year (Fig.7, 8). 
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Figure 7.  Heat map demonstrating relative Operational Taxonomic Unit (OTU’s) 
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abundance in Chokwe 2014 and 2015 based on Illumina analysis of DNA from FTA 
cards and RCR diseased plant tissue, and from culture isolation. Only OTU’s with reads 
above 10 were considered. 
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Figure 8.  Heat map demonstrating relative Operational Taxonomic Unit abundance in 
Gurue 2014 and 2015 based on Illumina analysis of DNA from FTA cards and RCR 
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diseased plant tissue, and from culture isolation. Only OTU’s with reads above 10 were 
considered.  
2.4.6. Comparison of the recoverey of DNA of different fungi and oomycetes using 
Whatman FTA®cards and root/crown rot (RCR) tissue as a storage method 
There was significant correlation between FTAcards and RCR diseases tissue values 
based on the SPEARMAN correlation index. The data analysis was based on the 
abundance of species generated through Illumina sequencing reads. Overal the OTU’s 
with reads lower than 10 were cut off and their percentage of detection calculated and 
used for analysis of correlation (Table 7. A, B). 
Table 7. Spearman correlation based on the reads of the species associated with the RCR 
detected by Illumina sequencing of DNA from FTA cards and RCR diseased tissue from 
A) Gurue 2014 and 2015, and B) Chokwe 2014 and 2015. 
A  Spearman Correlation Coefficients, N = 92 
Prob > |r| under H0: Rho=0 
   
  
Illumina FTA  
Gurue 2014 
Illumina Tissue 
Gurue 2014 
Illumina FTA        
Gurue 2015 
Illumina Tissue  
Gurue 2015 
Illumina FTA 
Gurue 2014 1       
          
Illumina Tissue 
Gurue 2014 0.759 1     
 
<.0001       
Illumina FTA 
Gurue 2015 0.330 0.211 1   
  0.001 0.044     
Illumina Tissue 
Gurue 2015 0.28524 0.11931 0.86516 1 
  0.006 0.2573 <.0001   
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B  Spearman Correlation Coefficients, N = 69 
Prob > |r| under H0: Rho=0  
 
  
  
Illumina FTA  
Chokwe 2014 
Illumina Tissue 
Chokwe 2014 
Illumina FTA  
Chokwe 2015 
Illumina Tissue 
Chokwe 2015 
Illumina FTA 
Chokwe 2014 
1       
          
Illumina Tissue 
Chokwe 2014 
0.70288 1     
  <.0001       
Illumina FTA 
Chokwe 2015 
0.708 0.689 1   
  <.0001 <.0001     
Illumina Tissue 
Chokwe 2015 
0.777 0.653 0.865 1 
  <.0001 <.0001 <.0001   
 
 
2.4.7. Comparison of methods for detection of bean RCR pathogens 
When comparing Illumina, PCR and culture-based methods to determine detection of the 
4 major pathogen genera and species (Fusarium spp., Rhizoctonia solani, Pythium 
ultimum, Macrophomina phaseolina), Illumina identified the most fungi/oomycetes from 
FTA cards. However, PCR from tissue was the best method for detecting Macrophomina 
phaseolina (Fig 9 A, B). 
All methods identified Fusarium spp. as the most abundant group. Aliquots of the same 
DNA sample for Illumina sequencing, PCR with genus/specific primers, and culture-
based isolations were compared for detection efficacy of the causal agent of RCR disease 
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on bean.  Illumina sequencing of the 18 S r RNA region of amplified DNA extracted 
from FTA cards and RCR diseased plant tissue detected at nearly 100% OTUs of species 
of Fusarium in samples from Chokwe and Gurue. Other Pythium species and Rhizoctonia 
solani were also detected at higher frequencies than PCR or culture-based methods. 
Illumina sequencing failed to detect Macrophomina phaseolina in FTA cards or RCR 
diseased Chokwe or Gurue plant tissue but genus/species PCR primers did detect M. 
phaseolina. The frequency of detection of the 4 pathogens was higher in the RCR 
diseased plant tissue than FTA cards in samples from both locations. The culture-based 
method had the lowest detection frequency for species of Pythium, R. solani and M. 
phaseolina but was effective for detection of numerous species of Fusarium (Fig.9 A, B)  
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Figure 9. Detection frequency of the four mains pathogens associated with RCR using the 
three methods: Sanger sequencing of DNA from cultured isolates, Illumina FTAcards and 
tissue, PCR of FTA cards and tissue based on the RCR symptomatic samples collected 
from A) Chokwe 2014-2015, and B) Gurue 2014-2015. The data was transformed to 
binary factor to include the PCR method. 
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2.4.8. Diversity index  
The two years and locations sampled showed differences in community diversity, based 
on Illumina sequencing and cultured isolates. Shannon’s Diversity Index (H’) and 
Simpson 1-D were used to determine diversity detected at a local scale from Illumina 
sequencing. The two locations and years showed differences in community diversity, 
based on Value of H’ > 2.5. in both locations and years. The DNA vs. culture collection 
method reveals the presence of diverse fungi/oomyces associated with RCR disease, 
whereas Simpson values of 1-D close to 1 shows the predominace of one species or 
group, in this case Fusarium, in the same plant niche for most locations and years. The 
exception is Chokwe 2015, where M. phaseolina was the predominant fungal species in 
culture. Values of both diversity indices were similar for both locations and years where 
F. oxysporum had the highest percentage of relative abundance (Table 8). 
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Table 8. Simpson 1-D and Shannon diversity indices based on results from Illumina 
sequencing from FTA cards and RCR diseased tissue, and Sanger DNA sequencing of 
fungi/oomycetes from culture isolates recovered from A) Gurue and B) Chokwe in 2014 
and 2015. Only the OTU’s with the reads above 10 were considered for analysis. 
 
              
  Year Location Methods 
Diversity 
Indices Mean  SE   
  2014 Chokwe Illumina FTA cards Simpson 1-D 0.89 0.01   
        Shannon H 2.57 0.06   
      Illumina tissue Simpson 1-D 0.92 0.00   
        Shannon H 3.11 0.02   
      Culture Simpson 1-D 0.30 0.07   
        Shannon H 0.52 0.12   
    Gurue Illumina FTA cards Simpson 1-D 0.86 0.01   
        Shannon H 2.60 0.05   
      Illumina tissue Simpson 1-D 0.88 0.01   
        Shannon H 2.82 0.04   
      Culture Simpson 1-D 0.28 0.06   
        Shannon H 0.48 0.11   
  2015 Chokwe Illumina FTA cards Simpson 1-D 0.90 0.01   
        Shannon H 2.56 0.08   
      Illumina tissue Simpson 1-D 0.92 0.00   
        Shannon H 2.89 0.02   
      Culture Simpson 1-D 0.35 0.07   
        Shannon H 0.54 0.11   
    Gurue Illumina FTA cards Simpson 1-D 0.92 0.00   
        Shannon H 2.78 0.04   
      Illumina tissue Simpson 1-D 0.94 0.00   
        Shannon H 3.17 0.04   
      Culture Simpson 1-D 0.51 0.06   
        Shannon H 0.87 0.12   
 
2.4.9. Phylogenetic relationships 
Informative positions at the 18S rRNA sequence generated by Illumina sequencing were 
used to compare common or shared OTUs in different combinations between Chokwe 
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and Gurue for both years. The OTUs overlap in F .oxysporum, F. solani, R. solani and P. 
ultimum, and the presence of unique OTUs (found only once in the comparison) are 
presented in Venn diagrams (Fig. 10) where counts of common or shared OTUs are 
displayed in the overlapping panels and unique OTUs in the non-overlapping. F. 
oxysporum had the higher count of shared OTUs in all combinations except Gurue 2014 
vs 2015. P. ultimum had the least shared OTUs of the four taxa. The lowest counts of 
OTUs for all taxa were found when comparisons were made with Gurue 2014 vs. 2015 
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 Figure 10. Venn diagrams depicting shared (intersection) and unique (circles) OTUS’s of 
selected pathogenis isolates associated with RCR from Chokwe 2014 and 2015 and 
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Gurue 2014 and 2015 identified by Illumina sequencing. A) Fusarium oxysporum, B) 
Fusarium solani, C) Rhizoctonia solani, D) Pythium ultimum.  
2.5. DISCUSSION 
The accurate identification of plant pathogens is an important step to adopt precise 
management strategies for preventive or curative measures for root and crown rot (RCR) 
disease of bean. Three methods to identify and ascertain the primary causal agent of the 
disease were used: Illumina sequence of the 18 S r RNA, Polymerase Chain Reaction 
with genus/species specific primers and culture isolation, the latter following 
morphological identification and DNA sequencing of the ITS rDNA region.  The 
Illumina sequencing method revealed the presence of more fungal /oomycete species than 
the culture-based method. In all of the methods, species of Fusarium, mainly F. 
oxysporum, were the dominant fungal isolates either detected on DNA extracted from 
FTA cards and RCR diseased plant tissue, or isolates recovered directly on culture from 
Chokwe and Gurue in 2014 and 2015. Other RCR disease associated fungi such as 
Rhizoctonia solani, Pythium spp., Athelia rolsfii, and Macrophomina phaseolina were 
also detected or isolated in some samples but at a lower frequency.  An exception was 
samples from Chokwe 2015, where through PCR and culture Macrophomina phaseolina 
was found to be the most abundant taxa. Other fungal species detected by Illumina 
sequencing are not known to be associated with RCR and belong to Deuteromycota, 
Ascomycota or Basidiomycota, known as endophytes whose role as inhabitants in  
healthy or diseased plant tissue is yet to be established (Dhanya and  Padmavathy 2014).  
The results of this study agree with those found by Mukuma (2016) who reported that F. 
oxysporum was the predominant pathogen associated with RCR of bean in Zambia. 
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However, these results do not agree with the finding of Rusuku et al. (1997) who, when 
studying soilborne pathogens causing the RCR disease, found species of Pythium to be 
the most frequently isolated pathogens, over F. oxysporum, M. phaseolina and R. solani, 
and suggested its potential importance in the RCR complex in Rwanda. He used the 
traditional culture isolation method which is inherently biased and favors growth of 
microorganisms that grow faster than other fungal species in certain culture media under 
variable environmental conditions. Illumina sequencing platform and polymerase chain 
reaction methods analyze the microorganism’s genetic rather than phenotypic profile 
revealed by cultural methods (Hilton et al. 2016). In spite of the method limitations, fungi 
can be isolated from culture, tested for pathogenicity and used to screen bean germplasm 
for disease resistance. Collectively, 333 fungi/oomycetes were isolated in culture from 
Chokwe and Gurue in 2014 -2015 and tested for pathogenicity. At least 60% of the 
isolates inoculated on bean were pathogenic, and species of Fusarium, primarily F. 
oxysporum from all locations and years produced the highest mean lesion lengths. Based 
on the isolation frequency and the pathogenicity testing it can be concluded that 
Fusarium oxysporum and related species play an important role in the bean RCR 
complex in Mozambique. Despite the high frequency of isolation of Macrophomina 
phaseolina from samples from Chokwe 2015, the symptoms observed in the collected 
root/crown samples did not match symptoms caused by Macrophomina phaseolina, 
which attacks mostly the upper stem of more mature plants. Most of the collected 
samples showing symptoms such as wilting and necrosis of the stem even before the 
flowering stage corroborated those described for species of Fusarium. More than one 
pathogen associated with RCR of bean has been reported by Mukuma (2016) and Rusuku 
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et al. (1997) who suggested that a complex of pathogens comprised of Pythium spp., R. 
solani, M. phaseolina, F. oxysporum f.sp. phaseoli and Sclerotinia rolfsii interact to cause 
bean RCR. The idea that more than one pathogen causes RCR on beans has been 
proposed, and this notion may have suppressed progress in understanding the genetics of 
RCR disease resistance (Abawi and Pastor-Corrales 1990, Wortmann et al. 1998b, 
Chaudhary et al. 2006, Clare et al. 2010) 
This study found that isolates of F. oxysporum and other species that are not pathogenic 
can co-exist with pathogenic isolates in the same plant. The finding that some of the 
Fusarium species were pathogenic and others were not could be explained by the reality 
that these organisms are known to be ubiquitous in soil, air and water, and many strains 
can be opportunistic pathogens and infect plants under stress conditions. Therefore, it is 
not unusual to have pathogenic and non-pathogenic isolates together in a healthy plant, 
which contribute to the early development and severity of disease when conditions are 
unfavorable for bean growth (Leslie et al. 1990, Estevez de Jensen et al. 2004, Harveson 
et al. 2005). Mozambique is a country with potential for RCR outbreaks due to its 
vulnerability to climate change (Wortmann et al. 1998b). Floods and droughts are 
recurrent problems in the country, causing environmental conditions that can explain the 
relative abundance of Fusarium spp. in all locations of Mozambique.  
Within the Fusarium species complex, Fusarium oxysporum was the most frequently 
isolated and among the most pathogenic fungi/oomycetes isolated in Mozambique. These 
results support those found in Latin America, Spain and the U.S. where Fusarium 
oxysporum has caused RCR outbreaks (Pastor-Corrales and Abawi 1987, Alves-Santos et 
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al. 2002). It was also reported as a major pathogen in central Africa, where serious losses 
on improved climbing varieties were reported (Buruchara and Camacho 2000).  
On the other hand, the high isolation frequency of M. phaseolina can be explained by the 
conditions of the 2014/2015 growing season, characterized by low rainfall from October 
to December of 2014, and a moisture shortage in the southern region from January to 
March of 2015. Later, an El Nino phenomenon was reported in Mozambique in the 2015 
season, this phenomenon caused the lack of a rainy season in the south, and excessive 
rain or floods in the northern region (United Nations Office of the Resident Coordinator 
2016). M. phaseolina has been reported to increase in regions of the tropics and 
subtropics where crops migh be exposed to water stress (Songa and Hilocks 1996). 
Therefore, environmental conditions may explain why M. phaseolina was frequently 
recovered from RCN in Chokwe 2015, which is in the southern part of Mozambique.  
High diversity of fungal and oomycete communities based on Illumina sequencing was 
associated with RCR disease of bean in two geographically distant regions in 
Mozambique. High fungal diversity in different environments has been demonstrated in 
other studies, supporting the finding that Illumina provides higher resolution when 
compared to other genus/species identification methods. This is shown to be a fast and 
sensitive method to identify pathogens associated with RCR when compared to culture-
based techniques based on morphological approaches where only a few taxa were able to 
be detected.  This could be due to some species being able to be identified easier in the 
environment of the laboratory where they exhibit faster growth than other organisms, or 
that some of them were unable to be cultured, hindering the process of identification 
(Hilton et al. 2016). 
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When comparing the identification methods in terms of correlation with culture 
isolations, they were not always in agreement. Nonetheless, both PCR and growth in 
culture were better for identifying Macrophomina phaseolina, which was not detected by 
Illumina sequencing from either FTA cards or diseased plant tissue. According to Capote 
et al. (2012), PCR is the most important and sensitive technique presently available for 
the detection of plant pathogens, due to the specificity of the oligonucleotide primers. 
Therefore, the detection of numerous Macrophomina phaseolina isolates through PCR 
can be explained by the specificity of the oligonucleotide primers and probes. Sanger 
sequencing analyses were based on the direct analysis of the genomic DNA of the ITS 
region from the culture. In addition, the high recovery of M. phaseolina isolates in 
samples from Chokwe in 2015 could be attributed to environmental conditions in the 
field. M. phaseolina has a high optimal temperature for growth and spread (Songa and 
Hilocks 1996), therefore this environment may have contributed to the higher counts in 
that year. Illumina sequencing was used to compare the efficacy of storage of DNA on 
FTA cards compared within tissue. The DNA sources in both methods were highly 
correlated, indicating that FTA cards were an acceptable alternative for collection and 
long term storage of DNA.These results are in agreement with those obtained by 
Ndunguru et al. (2005) where he described the use of FTA card technology for sampling 
and retrieval of DNA and RNA viruses from plant tissues and their subsequent molecular 
analysis. The use of FTA cards as a DNA collection and storage method does not require 
any permits and circumvents issues related to obtaining APHIS permits needed for plant 
tissue transportation into the USA.  
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These results show the importance of using a combination of methods to address 
identification of primary plant fungal/oomycete pathogens. The use of the ITS rDNA 
region for amplification of DNA from cultured isolates, with species specific 
oligonucleotides permitted the direct amplification of target DNA, and amplification of 
18S rDNA  with the eukaryotic primers euk7 through the Illumina platform lead to 
information of diversity and composition. However, the use of the culture method 
revealed new species that would require development of specific primers to be detected. 
The culture method can provide fungal/oomycete isolates that can be tested for 
pathogenicity. This is the first study based on molecular and culture based methods to 
determine the importance of F. oxysporum as a primary pathogen associated with RCR 
disease of bean in Mozambique. The fact that we have similar results in the two main 
bean growing regions of Mozambique should guide breeders to screen for resistance to 
the Fusarium species, mainly F. oxysporum, and can provide the pathogen to use in 
screening.  Currently the breeding programs in East Africa are leaning towards Pythium 
spp., the results from this study should provide relevant pathogens and reorient breeding 
for bean root rot disease resistance in Mozambique.  
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APPENDICES 
Appendix A.  Sample collection location, date and symptomatic bean variety for isolates 
of RCR 
Is
o
la
te
 I
D
 Isolated 
from 
Sample 
Sample Collection 
Location Date Bean variety 
M1 M045B Chokwe 6/18/2014 RR 21 
M2 M045B Chokwe 6/18/2014 RR 21 
M3 M045B Chokwe 6/18/2014 RR 21 
M4 M045B Chokwe 6/18/2014 RR 21 
M5 M045B Chokwe 6/18/2014 RR 21 
M6 M045B Chokwe 6/18/2014 RR 21 
M7 M046B Chokwe 6/18/2014 KISAPURI 
M8 M046B Chokwe 6/18/2014 KISAPURI 
M9 M046B Chokwe 6/18/2014 KISAPURI 
M10 M046B Chokwe 6/18/2014 KISAPURI 
M11 M046B Chokwe 6/18/2014 KISAPURI 
M12 M046B Chokwe 6/18/2014 KISAPURI 
M13 M046B Chokwe 6/18/2014 KISAPURI 
M14 M046B Chokwe 6/18/2014 KISAPURI 
M15 M046B Chokwe 6/18/2014 KISAPURI 
M16 M046B Chokwe 6/18/2014 KISAPURI 
M17 M046B Chokwe 6/18/2014 KISAPURI 
M18 M046B Chokwe 6/18/2014 KISAPURI 
M19 M046B Chokwe 6/18/2014 KISAPURI 
M20 M047C Chokwe 6/18/2014 INCOMPARABLE 
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M21 M047C Chokwe 6/18/2014 INCOMPARABLE 
M22 M047C Chokwe 6/18/2014 INCOMPARABLE 
M23 M048B Chokwe 8/6/2014 MAHARAGE MAKUBWA 
M24 M048B Chokwe 8/6/2014 MAHARAGE MAKUBWA 
M25 M051B Chokwe 6/18/2014 SODAN 
M26 M053B Chokwe 6/18/2014 KABLANKETI 
M27 M054D Chokwe 6/18/2014 P1321094-D 
M28 M054D Chokwe 6/18/2014 P1321094-D 
M29 M055B Chokwe 6/18/2014 NE34-12-20 
M30 M055B Chokwe 6/18/2014 NE34-12-20 
M31 M055B Chokwe 6/18/2014 NE34-12-20 
M32 M059B Chokwe 8/6/2014 NE34-12-45 
M33 M059B Chokwe 8/6/2014 NE34-12-45 
M34 M061B Chate  6/17/2014 PAN 127   
M35 M062B Chate  6/17/2014 PAN 127  
M36 M062B Chate  6/17/2014 PAN 127  
M37 M062B Chate  6/17/2014 PAN 127  
M38 M063B Chate  6/17/2014 PAN 127  
M39 M064B Chate  6/17/2014 PAN 128  
M40 M064B Chate  6/17/2014 PAN 128  
M41 M064B Chate  6/17/2014 PAN 128  
M42 M064B Chate  6/17/2014 PAN 128  
M43 M065B Chate  6/17/2014 PAN 127   
M44 M065B Chate  6/17/2014 PAN 127   
M45 M065B Chate  6/17/2014 PAN 127   
M46 M065B Chate  6/17/2014 PAN 127   
M47 M065B Chate  6/17/2014 PAN 127   
M48 M066B Chokwe 6/17/2014 PAN 127   
M49 M066B Chokwe 6/17/2014 PAN 127   
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M50 M066B Chokwe 6/17/2014 PAN 127   
M51 M066B Chokwe 6/17/2014 PAN 127   
M52 M067B Chissano 6/13/2014 PAN 148 
M53 M067B Chissano 6/13/2014 PAN 148 
M54 M067B Chissano 6/13/2014 PAN 148 
M55 M067B Chissano 6/13/2014 PAN 148 
M56 M067B Chissano 6/13/2014 PAN 148 
M57 M067B Chissano 6/13/2014 PAN 148 
M58 M067B Chissano 6/13/2014 PAN 148 
M59 M067B Chissano 6/13/2014 PAN 148 
M60 M067B Chissano 6/13/2014 PAN 148 
M61 M068B Chissano 6/13/2014 ICAPIJĀO 
M62 M068B Chissano 6/13/2014 ICAPIJĀO 
M63 M068B Chissano 6/13/2014 ICAPIJĀO 
M64 M068B Chissano 6/13/2014 ICAPIJĀO 
M65 M068B Chissano 6/13/2014 ICAPIJĀO 
M66 M068B Chissano 6/13/2014 ICAPIJĀO 
M67 M068B Chissano 6/13/2014 ICAPIJĀO 
M68 M068B Chissano 6/13/2014 ICAPIJĀO 
M69 M068B Chissano 6/13/2014 ICAPIJĀO 
M70 M068B Chissano 6/13/2014 ICAPIJĀO 
M71 M069B Chissano 6/13/2014 AP 89  
M72 M069B Chissano 6/13/2014 AP 89  
M73 M069B Chissano 6/13/2014 AP 89  
M74 M069B Chissano 6/13/2014 AP 89  
M75 M069B Chissano 6/13/2014 AP 89  
M76 M070B Chissano 6/13/2014 BONUS 
M77 M070B Chissano 6/13/2014 BONUS 
M78 M070B Chissano 6/13/2014 BONUS 
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M79 M070B Chissano 6/13/2014 BONUS 
M80 M070B Chissano 6/13/2014 BONUS 
M81 M070B Chissano 6/13/2014 BONUS 
M82 M071B Chissamo 6/13/2014 LPA 91   
M83 M071B Chissamo 6/13/2014 LPA 91   
M84 M071B Chissamo 6/13/2014 LPA 91   
M85 M071B Chissamo 6/13/2014 LPA 91   
M86 M071B Chissamo 6/13/2014 LPA 91   
M87 M071B Chissamo 6/13/2014 LPA 91   
M88 M071B Chissamo 6/13/2014 LPA 91   
M89 M071B Chissamo 6/13/2014 LPA 91   
M90 M071B Chissamo 6/13/2014 LPA 91   
M91 M071B Chissamo 6/13/2014 LPA 91   
M92 M072B Gurue 8/25/2014 KIANGWE 
M93 M072B Gurue 8/25/2014 KIANGWE 
M94 M072B Gurue 8/25/2014 KIANGWE 
M95 M072B Gurue 8/25/2014 KIANGWE 
M96 M072B Gurue 8/25/2014 KIANGWE 
M97 M072B Gurue 8/25/2014 KIANGWE 
M98 M073B Gurue 5/1/2014 GOLOI 
M99 M073B Gurue 5/1/2014 GOLOI 
M100 M073B Gurue 5/1/2014 GOLOI 
M101 M073B Gurue 5/1/2014 GOLOI 
M102 M074B Gurue 8/25/2014 KABLANKETI 
M103 M074B Gurue 8/25/2014 KABLANKETI 
M104 M074B Gurue 8/25/2014 KABLANKETI 
M105 M074B Gurue 8/25/2014 KABLANKETI 
M106 M074B Gurue 8/25/2014 KABLANKETI 
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M107 M074B Gurue 8/25/2014 KABLANKETI 
M108 M074B Gurue 8/25/2014 KABLANKETI 
M109 M074B Gurue 8/25/2014 KABLANKETI 
M110 M075B Gurue 8/28/2014 SODAN 
M111 M075B Gurue 8/28/2014 SODAN 
M112 M075B Gurue 8/28/2014 SODAN 
M113 M075B Gurue 8/28/2014 SODAN 
M114 M075B Gurue 8/28/2014 SODAN 
M115 M075B Gurue 8/28/2014 SODAN 
M116 M075B Gurue 8/28/2014 SODAN 
M117 M075B Gurue 8/28/2014 SODAN 
M118 M076B Gurue 8/25/2014 G5087 
M119 M076B Gurue 8/25/2014 G5087 
M120 M076B Gurue 8/25/2014 G5087 
M121 M076B Gurue 8/25/2014 G5087 
M122 M076B Gurue 8/25/2014 G5087 
M123 M076B Gurue 8/25/2014 G5087 
M124 M076B Gurue 8/25/2014 G5087 
M125 M076B Gurue 8/25/2014 G5087 
M126 M076B Gurue 8/25/2014 G5087 
M127 M076B Gurue 8/25/2014 G5087 
M128 M076B Gurue 8/25/2014 G5087 
M129 M076B Gurue 8/25/2014 G5087 
M130 M076B Gurue 8/25/2014 G5087 
M131 M077B Gurue 8/25/2014 CAL 143 
M132 M077B Gurue 8/25/2014 CAL 143 
M133 M077B Gurue 8/25/2014 CAL 143 
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M134 M077B Gurue 8/25/2014 CAL 143 
M135 M078B Gurue 5/1/2014 RR156 
M136 M078B Gurue 5/1/2014 RR156 
M137 M078B Gurue 5/1/2014 RR156 
M138 M078B Gurue 5/1/2014 RR156 
M139 M078B Gurue 5/1/2014 RR156 
M140 M078B Gurue 5/1/2014 RR156 
M141 M078B Gurue 5/1/2014 RR156 
M142 M078B Gurue 5/1/2014 RR156 
M143 M079B Gurue 8/25/2014 BADILLO 
M144 M079B Gurue 8/25/2014 BADILLO 
M145 M079B Gurue 8/25/2014 BADILLO 
M146 M079B Gurue 8/25/2014 BADILLO 
M147 M079B Gurue 8/25/2014 BADILLO 
M148 M079B Gurue 8/25/2014 BADILLO 
M149 M079B Gurue 8/25/2014 BADILLO 
M150 M079B Gurue 8/25/2014 BADILLO 
M151 M080B Gurue 9/1/2014 INIAP480 
M152 M080B Gurue 9/1/2014 INIAP480 
M153 M080B Gurue 9/1/2014 INIAP480 
M154 M080B Gurue 9/1/2014 INIAP480 
M155 M080B Gurue 9/1/2014 INIAP480 
M156 M080B Gurue 9/1/2014 INIAP480 
M157 M080B Gurue 9/1/2014 INIAP480 
M158 M080B Gurue 9/1/2014 INIAP480 
M159 M080B Gurue 9/1/2014 INIAP480 
M160 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
107 
 
M161 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M162 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M163 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M164 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M165 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M166 M081B Gurue 8/25/2014 CANIOCA/KIBALA 
M167 M082B Gurue 5/1/2014 ND061106 
M168 M082B Gurue 5/1/2014 ND061106 
M169 M082B Gurue 5/1/2014 ND061106 
M170 M082B Gurue 5/1/2014 ND061106 
M171 M082B Gurue 5/1/2014 ND061106 
M172 M082B Gurue 5/1/2014 ND061106 
M173 M082B Gurue 5/1/2014 ND061106 
M174 M083B Gurue 8/25/2014 H9659-27-10 
M175 M083B Gurue 8/25/2014 H9659-27-10 
M176 M083B Gurue 8/25/2014 H9659-27-10 
M177 M083B Gurue 8/25/2014 H9659-27-10 
M178 M084B Gurue 8/28/2014 KRIMSON 
M179 M085B Gurue 8/28/2014 NE34-12-30 
M180 M085B Gurue 8/28/2014 NE34-12-30 
M181 M085B Gurue 8/28/2014 NE34-12-30 
M182 M085B Gurue 8/28/2014 NE34-12-30 
M183 M085B Gurue 8/28/2014 NE34-12-30 
M184 M085B Gurue 8/28/2014 NE34-12-30 
M185 M085B Gurue 8/28/2014 NE34-12-30 
M186 M085B Gurue 8/28/2014 NE34-12-30 
M187 M085B Gurue 8/28/2014 NE34-12-30 
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M188 M085B Gurue 8/28/2014 NE34-12-30 
M189 M086B Gure 8/28/2014 NE34-12-37 
M190 M086B Gure 8/28/2014 NE34-12-37 
M191 M087B Gurue 8/25/2014 NE34-12-38 
M192 M087B Gurue 8/25/2014 NE34-12-38 
M193 M087B Gurue 8/25/2014 NE34-12-38 
M194 M087B Gurue 8/25/2014 NE34-12-38 
M195 M088B Gurue 8/25/2014 NE34-12-48 
M196 M088B Gurue 8/25/2014 NE34-12-48 
M197 M088B Gurue 8/25/2014 NE34-12-48 
M198 M088B Gurue 8/25/2014 NE34-12-48 
M199 M089B Gurue 8/25/2014 RR372  
M200 M090B Gurue 8/15/2014 MANTEIGA 
M201 M090B Gurue 8/15/2014 MANTEIGA 
M202 M090B Gurue 8/15/2014 MANTEIGA 
M203 M090B Gurue 8/15/2014 MANTEIGA 
M204 M090B Gurue 8/15/2014 MANTEIGA 
M205 M090B Gurue 8/15/2014 MANTEIGA 
M206 M090B Gurue 8/15/2014 MANTEIGA 
M207 M091B Gurue 8/28/2014 MANTEIGA 
M208 M091B Gurue 8/28/2014 MANTEIGA 
M209 M091B Gurue 8/28/2014 MANTEIGA 
M210 M091B Gurue 8/28/2014 MANTEIGA 
M211 M091B Gurue 8/28/2014 MANTEIGA 
M212 M091B Gurue 8/28/2014 MANTEIGA 
M213 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M214 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
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M215 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M216 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M217 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M218 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M219 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M220 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M221 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M222 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M223 M093B Gurue 8/25/2014 VTTTG25  5-1-2 
M224 M095B Chokwe 5/4/2015 INIAP414 
M225 M095B Chokwe 5/4/2015 INIAP414 
M226 M095B Chokwe 5/4/2015 INIAP414 
M227 M095B Chokwe 5/4/2015 INIAP414 
M228 M096B Chokwe 5/14/2015 NE34-12-28 
M229 M099B Chokwe 5/14/2015 PI321094-D 
M230 M099B Chokwe 5/14/2015 PI321094-D 
M231 M099B Chokwe 5/14/2015 PI321094-D 
M232 M099B Chokwe 5/14/2015 PI321094-D 
M233 M099B Chokwe 5/14/2015 PI321094-D 
M234 M101B Chokwe 5/14/2015 UYOLE 98 
M235 M101B Chokwe 5/14/2015 UYOLE 98 
M236 M102B Chokwe 5/14/2015 RR 2015  
M237 M102B Chokwe 5/14/2015 RR 2015  
M238 M104B Chokwe 5/14/2015 NE34-12-50  
M239 M104B Chokwe 5/14/2015 NE34-12-50  
M240 M104B Chokwe 5/14/2015 NE34-12-50  
M241 M104B Chokwe 5/14/2015 NE34-12-50  
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M242 M106B Chokwe 5/14/2015 PI321094-D 
M243 M106B Chokwe 5/14/2015 PI321094-D 
M244 M106B Chokwe 5/14/2015 PI321094-D 
M245 M106B Chokwe 5/14/2015 PI321094-D 
M246 M108B Chokwe 5/14/2015 KIANGWE 
M247 M108B Chokwe 5/14/2015 KIANGWE 
M248 M109B Chokwe 5/14/2015 RR 2015  
M249 M109B Chokwe 5/14/2015 RR 2015 
M250 M109B Chokwe 5/14/2015 RR 2015  
M251 M111B Chokwe 5/14/2015 RR 375  
M252 M111B Chokwe 5/14/2015 RR 375  
M253 M111B Chokwe 5/14/2015 RR 375 
M254 M111B Chokwe 5/14/2015 RR 375  
M255 M111B Chokwe 5/14/2015 RR 375  
M256 M115B Chokwe 5/14/2015 G10994 
M257 M115B Chokwe 5/14/2015 G10994 
M258 M115B Chokwe 5/14/2015 G10994 
M259 M115B Chokwe 5/14/2015 G10994 
M260 M115B Chokwe 5/14/2015 G10994 
M261 M116B Chokwe 5/14/2015 RR 156  
M262 M116B Chokwe 5/14/2015 RR 156  
M263 M116B Chokwe 5/14/2015 RR 156  
M264 M116B Chokwe 5/14/2015 RR 156  
M265 M116B Chokwe 5/14/2015 RR 156 
M266 M116B Chokwe 5/14/2015 RR 156  
M267 M117B Chokwe 5/4/2015 RR 15-2 
M268 M118B Chokwe 5/4/2015 RR 142-5 
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M269 M118B Chokwe 5/4/2015 RR 142-5 
M270 M118B Chokwe 5/4/2015 RR 142-5 
M271 M118B Chokwe 5/4/2015 RR 142-5 
M272 M118B Chokwe 5/4/2015 RR 142-5 
M273 M129B Chokwe 5/14/2015 RR 156 
M274 M129B Chokwe 5/14/2015 RR 156 
M275 M130B Gurue 6/10/2015 KIANGWE 
M276 M131B Gurue 6/10/2015 KASUKANYWELE 
M277 M131B Gurue 6/10/2015 KASUKANYWELE 
M278 M132B Gurue 6/10/2015 SUG-131 
M279 M132B Gurue 6/10/2015 SUG-131 
M280 M132B Gurue 6/10/2015 SUG-131 
M281 M133B Gurue 6/10/2015 G1375 
M282 M133B Gurue 6/10/2015 G1375 
M283 M133B Gurue 6/10/2015 G1375 
M284 M133B Gurue 6/10/2015 G1375 
M285 M134B Gurue 6/10/2015 G10994 
M286 M135B Gurue 6/10/2015 RR 156  
M287 M136B Gurue 6/10/2015 POMPADOUR 
M288 M136B Gurue 6/10/2015 POMPADOUR 
M289 M136B Gurue 6/10/2015 POMPADOUR 
M290 M136B Gurue 6/10/2015 POMPADOUR 
M291 M137B Gurue 6/10/2015 POMPADOUR 
M292 M137B Gurue 6/10/2015 POMPADOUR 
M293 M137B Gurue 6/10/2015 POMPADOUR 
M294 M137B Gurue 6/10/2015 POMPADOUR 
M295 M137B Gurue 6/10/2015 POMPADOUR 
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M296 M138B Gurue 6/10/2015 INIAP-414 
M297 M138B Gurue 6/10/2015 INIAP-414 
M298 M138B Gurue 6/10/2015 INIAP-414 
M299 M139B Gurue 6/10/2015 INIAP-414 
M300 M139B Gurue 6/10/2015 INIAP-414 
M301 M139B Gurue 6/10/2015 INIAP-414 
M302 M139B Gurue 6/10/2015 INIAP-414 
M303 M139B Gurue 6/10/2015 INIAP-414 
M304 M140B Gurue 6/10/2015 INIAP-414 
M305 M140B Gurue 6/10/2015 INIAP-414 
M306 M140B Gurue 6/10/2015 INIAP-414 
M307 M140B Gurue 6/10/2015 INIAP-414 
M308 M140B Gurue 6/10/2015 INIAP-414 
M309 M140B Gurue 6/10/2015 INIAP-414 
M310 M140B Gurue 6/10/2015 INIAP-414 
M311 M140B Gurue 6/10/2015 INIAP-414 
M312 M141B Gurue 6/10/2015 PI321094-D 
M313 M141B Gurue 6/10/2015 PI321094-D 
M314 M142B Gurue 6/10/2015 NE34-12-28 
M315 M142B Gurue 6/10/2015 NE34-12-28 
M316 M143B Gurue 6/10/2015 NE34-12-28 
M317 M143B Gurue 6/10/2015 NE34-12-28 
M318 M143B Gurue 6/10/2015 NE34-12-28 
M319 M144B Gurue- Brigada 6/11/2015 A222 
M320 M144B Gurue- Brigada 6/11/2015 A222 
M321 M144B Gurue- Brigada 6/11/2015 A222 
M322 M144B Gurue- Brigada 6/11/2015 A222 
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M323 M145B Gurue 6/10/2015 MAGNUM 
M324 M145B Gurue 6/10/2015 MAGNUM 
M325 M145B Gurue 6/10/2015 MAGNUM 
M326 M145B Gurue 6/10/2015 MAGNUM 
M327 M145B Gurue 6/10/2015 MAGNUM 
M328 M145B Gurue 6/10/2015 MAGNUM 
M329 M146B Gurue 6/10/2015 KIANGWE 
M330 M146B Gurue 6/10/2015 KIANGWE  
M331 M147B Gurue 6/10/2015 NE34-12-50 
M332 M147B Gurue 6/10/2015 NE34-12-50 
M333 M147B Gurue 6/10/2015 NE34-12-50 
 
Appendix B. Pathogenicity of isolates and taxonomic identification based on the closest 
match to NCBI GenBank.  
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M1 NP Alternaria alternata  KT223359.1 99/99 
M2 NP Alternaria alternata KT223325.1 100/99 
M3 P Alternaria alternata KT274695.1 99/98 
M4 NP Alternaria sp. MLN11 EF432261.1 88/100 
M5 NP No similarity found  ∅ 
M6 NP Cladosporium sp.  KC178629.1 98/99 
M7 NP Alternaria alternata KF881762.1 100/100 
M8 NP Alternaria alternata KF881759.1 99/99 
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M9 NP Alternaria alternata KC178652.1 100/99 
M10 NP Alternaria alternata KT192329.1 99/99 
M11 NP Alternaria alternata KU377991.1 100/99 
M12 P Alternaria alternata KP278185.1 100/99 
M13 NP Alternaria alternata KT192329.1 100/99 
M14 NP Alternaria arborescens KM246282.1 100/99 
M15 P Alternaria alternata KJ605840.1 99/99 
M16 NP Alternaria arborescens KJ609138.1 99/99 
M17 P Alternaria alternata JQ676197.1 98/99 
M18 NP Alternaria alternata KJ739880.1 98/99 
M19 P Alternaria alternata HQ846574.1 98/99 
M20 NP Fusarium oxysporum KJ439205.1 100/99 
M21 NP Alternaria macrospora  DQ156342.1 94/99 
M22 P Alternaria alternata  KP271958.1 98/99 
M23 NP Cladosporium sp. KC178629.1 99/99 
M24 NP Alternaria arborescens KJ609138.1 99/99 
M25 NP Chaetomium globosum KU375642.1 97/100 
M26 NP Mucor circinelloides f. lusitanicus JF439687.1 96/99 
M27 NP Alternaria alternata KJ739872.1 99/99 
M28 P Alternaria alternata KX115415.1 98/99 
M29 NP Curvalaria lunata KF498867.1 99/99 
M30 NP Culvalaria lunata KF498867.1 96/100 
M31 NP Curvularia lunata KY404178.1 79/99 
M32 NP Alternaria alternata KJ605840.1 98/100 
M33 P Alternaria alternata KT274695.1 99/99 
M34 NP Cladosporium halotolerans LN834369.1 98/99 
M35 P Fusarium oxysporum  KJ528881.1 99/99 
M36 P Fusarium oxysporum f. sp. ciceris  HG423346.1 99/100 
M37  Fusarium oxysporum KX196809.1 99/99 
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M38 NP Chaetomium globosum  KR063144.1 100/99 
M39 NP Clarodosporium cladorporium/ Cladosporium 
peragunslum 
KX664415.1 100/99 
M40 NP Cladosporium ternuissimun EU272531.1 100/99 
M41 P Fusarium solani  KM235740.1 98/99 
M42 P Fusarium oxysporum KU872849.1 99/99 
M43 NP Not verified match KX149014.1 97/95 
M44 NP Not verified match KX149014.1 97/96 
M45 NP Fusarium verticillioides KF897854.1 91/87 
M46 P Fusarium oxysporum KU872849.1 99/100 
M47 P Fusarium nyagamai HF546381.1 98/99 
M48 NP Alternaria alternata KT192402.1 99/99 
M49 NP Alternaria alternata KF881762.1 100/100 
M50 NP Alternaria alternata KT192393.1 100/99 
M51 P Alternaria alternata  KJ739880.1 99/99 
M52 P Fusarium oxysporum KU872840.1 100/99 
M53 P Fusarium oxysporum GU724513.1 99/99 
M54 NP Fusarium oxysporum KP050556.1 99/99 
M55 P Fusarium oxysporum  KM519660.1 100/100 
M56 NP Fusarium equiseti KR094440.1 98/99 
M57 P Fusarium oxysporum KX196807.1 97/100 
M58 P Fusarium oxysporum  JF300424.1 98/99 
M59 NP Fusarium oxysporum  KX196807.1 98/99 
M60 P Fusarium oxysporum GU724513.1 99/99 
M61 P Fusarium solani HQ439152.1 100/99 
M62 P Fusarium solani EU625405.1 99/99 
M63 P Fusarium solani  JQ277276.1 98/99 
M64 P Fusarium solani KC764913.1 98/100 
M65 P Fusarium oxysporum KU056819.1 99/99 
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M66 P Fusarium solani  JN006817.1 99/99 
M67 NP Rhizoctonia zeae GQ221863.1 94/99 
M68 NP Rhizoctonia zeae GQ221863.1 88/99 
M69 NP Rhizoctonia zeae GQ221863.1 52/84 
M70 NP Fusarium solani KJ528882.1 100/98 
M71 NP Thielavia terricola KJ921610.1| 96/99 
M72 NP Thielavia terricola GU966509.1 97/99 
M73 P Fusarium oxysporum KX196807.1 99/99 
M74 NP Chaetomium fanicola KM979902.1 98/99 
M75 P Fusarium solani KM235740.1 97/99 
M76 NP Epicocum nigrum KF881763.1 100/99 
M77 NP Epicocum nigrum KF881763.1 98/99 
M78 NP Epicocum nigrum KX664321.1 100/99 
M79 NP Epicocum nigrum KM519661.1 100/99 
M80 NP Epicocum nigrum KM519661.1 100/99 
M81 NP Epicocum nigrum KM519661.1 99/99 
M82 P Fusarium solani KF918580.1 100/99 
M83 NP Fusarium oxysporum KU872849.1 100/99 
M84 NP Fusarium oxysporum KU872849.1 100/99 
M85 P Fusarium equiseti KF918580.1 100/99 
M86 NP Fusarium thapsinum KX171659.1 100/99 
M87 NP Fusarium thapsinum KX171659.1 100/99 
M88 NP Fusarium thapsinum KM589051.1 95/99 
M89 P Fusarium thapsinum KM589051.1 100/99 
M90 P Fusarium oxysporum KU872849.1 98/98 
M91 P Fusarium equiseti KR094440.1 97/99 
M92 NP Trichoderma harzianum strain ZNBW12  KR868296.1 100/99 
M93 NP Trichoderma atrobrunneum CBS 548.92 ITS 
region 
NR_137298.1 99/99 
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M94 NP Trichoderma harzianum strain ZNBW12 KR868296.1 99/99 
M95 NP Trichoderma harzianum HG940486.1 99/99 
M96 NP Trichoderma harzianum strain CHI (WIN) KR868309.1 99/99 
M97 NP Trichoderma harzianum strain 834  KU696482.1 100/99 
M98 P Fusarium proliferatum strain MPSf6 KP760063.1 100/99 
M99 P Fusarium circinatum strain FCC 4869 KC464621.1 83/99 
M100 P Fusarium verticillioides strain JINF002  KX196811.1 98/99 
M101 P Fusarium verticillioides strain JINF002 KX196811.1 97/99 
M102 P Fusarium equiseti strain MOD-35 EU625404.1 96/99 
M103 P Fusarium incarnatum culture-collection 
NCCPF:960005  
KM921663.1 100/99 
M104 P Fusarium equiseti strain CPFEWY137L2  KR047055.1 100/100 
M105 P Fusarium equiseti strain SBTFE-002 KF863780.1 97/100 
M106 NP Fusarium equiseti strain SBTFE-002 KF863780.1 92/100 
M107 NP Fusarium equiseti isolate GGF2 HM008677.1 99/99 
M108 NP Fusarium incarnatum isolate CSB_F008  KU680357.1 100/99 
M109 NP Fusarium equiseti isolate GGF2 HM008677.1 100/99 
M110 P Fusarium equiseti strain G328  KR094440.1 99/99 
M111 P Fusarium equiseti strain G328 KR094440.1 99/99 
M112 P Fusarium equiseti isolate 119  KU856645.1 97/99 
M113 P Fusarium equiseti isolate 119 18S ribosomal 
RNA gene 
KU856645.1 100/99 
M114 P Fusarium equiseti isolate 119 18S ribosomal 
RNA gene 
KU856645.1 99/99 
M115 NP Fusarium equiseti isolate 119  KU856645.1 99/100 
M116 P Fusarium equiseti strain C46  JQ936262.1 99/100 
M117 P Fusarium equiseti strain C46 internal 
transcribed spacer 1 
JQ936262.1 100/100 
M118 P Nectria haematococca isolate A1S2-D11 (F. KJ780750.1 99/99 
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solani complex) 
M119 P Fusarium oxysporum isolate DO1  KP050556.1 100/90 
M120 P Fusarium solani isolate EML-CHS3  HQ439152.1 96/99 
M121 P Fusarium solani isolate UENFCF269 JN006816.1 99/99 
M122 P Fusarium solani isolate EML-CHS3  HQ439152.1 99/99 
M123 NP Fusarium oxysporum strain GENF003  KX196809.1 98/99 
M124 NP Fusarium oxysporum strain M-1-2  KT223349.1 99/99 
M125 P Fusarium solani strain MOD-5 18S ribosomal 
RNA gene 
EU625405.1 97/99 
M126 NP Fusarium oxysporum strain GENF003 18S 
rRNA gene 
KX196809.1 98/99 
M127 P Fusarium oxysporum strain FoD6A24 18S 
rRNA gene 
KC202939.1 98/99 
M128 P Fusarium oxysporum strain IHB F 2906 18S 
rRNA gene 
KM817209.1 99/99 
M129 P Fusarium oxysporum isolate FJAT-31092 18S 
rRNA gene 
KU931543.1 100/99 
M130 P Fusarium solani isolate UENFCF269 18S 
rRNA gene 
JN006816.1 99/99 
M131 P Fusarium solani strain D113 internal 
transcribed spacer 1 
KU377510.1 99/99 
M132 P Fusarium solani strain FJAT-9241 18S rRNA 
gene 
JQ277276.1 99/99 
M133 P Fusarium oxysporum strain IHB F 2916 18S 
rRNA gene 
KM817213.1 99/99 
M134 P Fusarium oxysporum strain CHS-2 18S rRNA 
gene, 
KJ082096.1 98/99 
M135 P Fusarium oxysporum isolate FOX52 18S 
rRNA gene 
GQ131884.1 100/99 
M136 P Fusarium oxysporum isolate FOX52 GQ131884.1 100/99 
M137 P Fusarium oxysporum strain A0654 18S rRNA 
gene, 
KF498869.1 82/98 
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M138 P Fusarium oxysporum strain FoD6A24 18S 
rRNA gene 
KC202939.1 100/99 
M139 P Fusarium oxysporum isolate FJAT-31092 18S 
rRNA gene 
KU931543.1 100/99 
M140 P Fusarium oxysporum isolate FJAT-31092 KU931543.1 100/100 
M141 P Fusarium oxysporum isolate Fox64 18S rRNA 
gene 
KJ562370.1 99/98 
M142 NP Fusarium oxysporum isolate FOX52 18S 
rRNA gene 
GQ131884.1 100/99 
M143 P Fusarium oxysporum isolate FJAT-31092 KU931543.1 100/100 
M144 P Fusarium oxysporum isolate FJAT-31092 18S 
rRNA gene 
KU931543.1 100/99 
M145 P Fusarium oxysporum isolate FJAT-31102 18S 
rRNA gene 
KU931553.1 99/99 
M146 P Fusarium oxysporum strain IHB F 2916  KM817213.1 100/99 
M147 P Fusarium oxysporum genomic DNA containing 
ITS1 
HG423346.1 98/100 
M148 P Fusarium oxysporum strain CHS-2 18S rRNA 
gene 
KJ082096.1 99/99 
M149 P Fusarium oxysporum strain 17.19CR3-180.3 
18S rRNA gene 
KU059956.1 99/99 
M150 P Fusarium oxysporum isolate UACH-137 18S 
rRNA gene 
KU056819.1 95/99 
M151 P Fusarium oxysporum strain CPFOWY137D21  KR047056.1 100/99 
M152 P Fusarium oxysporum isolate FJAT-31092  KU931543.1 99/99 
M153 P Fusarium oxysporum isolate UACH-137  KU056819.1 85/83 
M154 NP Fusarium equiseti isolate UACH-125 KU926350.1 92/99 
M155 P Fusarium oxysporum f. sp. vasinfectum strain  EU849584.1 100/99 
M156 P Fusarium equiseti strain C46 ITS1 JQ936262.1 97/100 
M157 P Fusarium oxysporum isolate FOX52 18S 
rRNA gene 
GQ131884.1 97/99 
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M158 NP Fusarium equiseti strain CHTAM35 18S rRNA 
gene 
JF773657.1 99/99 
M159 P Fusarium oxysporum isolate Fo15 18S rRNA 
gene 
GU724514.1 85/99 
M160 P Fusarium oxysporum isolate FJAT-31092 18S 
rRNA gene 
KU931543.1 99/99 
M161 P Fusarium oxysporum isolate FJAT-31092 18S 
rRNA gene 
KU931543.1 76/99 
M162 P Fusarium oxysporum f. sp. vasinfectum strain 
ATCC 7808 SSR RNA gene 
KU729045.1 100/99 
M163 P Fusarium oxysporum isolate FJAT-31092 KU931543.1 99/99 
M164 P Fusarium oxysporum strain 17.19CR3-180.3 
18S rRNA gene 
KU059956.1 100/99 
M165 P No similarity found  ∅ 
M166 P Fusarium oxysporum strain A0661 18S rRNA 
gene 
KF577910.1 99/99 
M167 NP Fusarium equiseti strain SBTFE-002 18S 
rRNA gene 
KF863780.1 100/99 
M168 P Fusarium equiseti strain SBTFE-002 18S 
rRNA gene 
KF863780.1 100/99 
M169 NP Fusarium equiseti strain CPFEWY137L2 18S 
rRNA gene 
KR047055.1 97/100 
M170 P Fusarium equiseti strain SBTFE-002 18S 
rRNA gene 
KF863780.1 97/99 
M171 P Fusarium oxysporum strain Z3 18S rRNA gene  KJ019830.1 98/99 
M172 P Fusarium solani strain CEF-559 18S rRNA 
gene 
KU382502.1 99/99 
M173 P Fusarium proliferatum clone G-ela2-ITS1 
OTU-0-099 2 
KY590032.1 95/94 
M174 NP Fusarium oxysporum isolate 25 EU839377.1 98/99 
M175 P Fusarium oxysporum strain A19  KT898585.1 99/99 
M176 NP Talaromyces pinophilus genomic DNA LT558962.1 98/99 
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sequence  
M177 NP Penicillium pinophilum strain msy23 FJ441618.1 99/99 
M178 P Fusarium brachygibbosum strain FeY  KF985966.1 100/99 
M179 P Fusarium oxysporum f. sp. momordicae strain 
FJ-11 18S rRNA gene 
JN005749.1 99/99 
M180 P Fusarium equiseti isolate Fequi20 18S rRNA 
gene 
KJ562376.1 100/99 
M181 NP Fusarium oxysporum isolate FJAT-31102 18S 
rRNA gene 
KU931553.1 86/99 
M182 P Fusarium oxysporum strain HHNDZ02 18S 
rRNA gene 
KU984712.1 100/99 
M183 NP Fusarium oxysporum isolate FJAT-31103 18S 
rRNA gene 
KU931554.1 100/99 
M184 P Fusarium oxysporum f. sp. dianthi ITS1 EF421235.1 74/77 
M185 P Fusarium proliferatum 18S rRNA gene KT207283.1 97/99 
M186 P Fusarium equiseti isolate CSB F345  KU680356.1 95/99 
M187 P Fusarium oxysporum genomic DNA containing 
18S rRNA gene 
HF566400.1 100/97 
M188 P Fusarium oxysporum  
isolate FJAT-31092 18S rRNA gene 
KU931543.1 100/99 
M189 P Rhizoctonia solani culture-collection 
ICMP:20043 
KM013470.1 60/97 
M190 P Rhizoctonia solani culture-collection 
ICMP:20043 18S rRNA gene 
KM013470.1 61/97 
M191 P Fusarium oxysporum strain ZB072 18S rRNA 
gene 
KJ528881.1 97/100 
M192 P Fusarium oxysporum strain GENF003 18S 
rRNA gene 
KX196809.1 99/99 
M193 P Fusarium oxysporum strain GENF001 18S 
rRNA gene 
KX196807.1 99/100 
M194 P Fusarium oxysporum isolate UACH-137 18S 
rRNA gene 
 KU056819.1 100/99 
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M195 P Fusarium oxysporum isolate UACH-137 18S 
rRNA gene 
KU056819.1 97/99 
M196 P Fusarium oxysporum isolate PDBC NPFu1 
18S rRNA gene 
GU181389.2 81/95 
M197 P Fusarium oxysporum strain KUC21237 18S 
rRNA gene 
KT207755.1 93/96 
M198 P Fusarium oxysporum isolate P52-588 KJ439149.1 99/99 
M199 NP Fusarium solani strain ZB073 18S rRNA gene KJ528882.1 99/99 
M200 NP Cochliobolus sativus strain CMON25 18S 
rRNA gene 
JQ753975.1 100/99 
M201 P Fusarium equiseti isolate 119 18S rRNA gene KU856645.1 83/100 
M202 P Fusarium oxysporum strain IHB F 2916 18S 
rRNA gene 
KM817213.1  
M203 P Fusarium equiseti isolate 119 18S rRNA gene KU856645.1 83/98 
M204 P Fusarium thapsinum isolate CSB F252 ITS1 KU680377.1 84/98 
M205 NP Fusarium thapsinum isolate CSB_F252 ITS1 KU680377.1 98/99 
M206 NP Fusarium equiseti isolate CSB_F345 18S 
rRNA gene 
KU680356.1 83/99 
M207 NP Fusarium oxysporum isolate UACH-134 18S 
rRNA gene 
 KU056816.1 97/99 
M208 P Fusarium oxysporum isolate UACH-137 18S 
rRNA gene 
 KU056819.1 99/99 
M209 P Fusarium oxysporum strain ZJLM001 18S 
rRNA gene 
KJ544916.1 98/99 
M210 P Fusarium oxysporum strain ZJ 18S rRNA gene KF278962.1 100/99 
M211 P Fusarium oxysporum strain ZJ 18S rRNA gene KF278962.1 99/10 
M212 P Fusarium oxysporum strain GENF001 18S 
rRNA gene 
KX196807.1 99/100 
M213 P Fusarium oxysporum isolate UACH-137 18S 
rRNA gene 
KU056819.1 98/100 
M214 P Fusarium solani strain XHL13041501 18S 
rRNA gene 
KJ696540.1 98/99 
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M215 P Fusarium oxysporum strain M-1-2 KT223349.1 100/99 
M216 P Fusarium oxysporum genomic DNA containing 
18S rRNA gene 
HF566400.1 94/95 
M217 P Fusarium oxysporum strain DH-A2 18S rRNA 
gene 
HM346538.1 99/99 
M218 P Fusarium solani isolate EML-CHS3 18S rRNA 
gene 
HQ439152.1 100/99 
M219 P Fusarium solani strain XHL13041501 18S 
rRNA gene 
KJ696540.1 100/99 
M220 P Fusarium oxysporum isolate Fo15 18S rRNA 
gene 
GU724514.1 99/99 
M221 P Fusarium oxysporum f. sp. ciceris strain IHB F 
2902 18S rRNA gene 
KM817208.1 99/99 
M222 NP Fusarium oxysporum genomic DNA containing 
18S rRNA gene 
HF566400.1 95/96 
M223 P Fusarium solani KM235740.1 99/99 
M224 P Macrophomina phaseolina isolate CSB F308 KU680393.1 100/99 
M225 P Macrophomina phaseolina isolate 171 KU856652.1 100/98 
M226 P Macrophomina phaseolina strain CPC 21464 KF951750.1 99/99 
M227 P Macrophomina phaseolina isolate MaT22 KM519193.1 100/99 
M228 NP Phoma multirostrata JN542527.1 97/99 
M229 NP Phoma multirostrata JN542527.1 96/99 
M230 NP Phoma multirostrata JN542527.1 100/100 
M231 NP Setosphaeria rostrata strain CBS 128061 KT265240.1 97/99 
M232 NP Peyronellaea glomerata voucher CIAT546 KR012905.1 98/99 
M233 NP Phoma sp. F1 KM979987.1 98/99 
M234 NP Phoma multirostrata isolate A726 KU529840.1 97/100 
M235 NP Phoma multirostrata isolate A726 KU529840.1 97/100 
M236 NP Phoma multirostrata isolate A726 KU529840.1 96/100 
M237 NP Aspergillus calidoustus HG964947.1 64/96 
124 
 
M238 NP Setosphaeria rostrata strain CBS 128061 KT265240.1 98/99 
M239 NP Setosphaeria rostrata strain CBS 128061 KT265240.1 99/99 
M240 P Fusarium oxysporum strain CHS-2 KJ082096.1 100/99 
M241 P Fusarium solani isolate ZK004 KM235740.1 100/99 
M242 P Macrophomina phaseolina isolate NBEF3 HM990163.1 95/99 
M243 P Macrophomina phaseolina isolate seq25-2p FJ643531.1 69/95 
M244 NP Phoma multirostrata JN542527.1 99/99 
M245 P Macrophomina phaseolina isolate r066 HQ649831.1 100/99 
M246 P Fusarium oxysporum strain HWG2(1) KM268692.1 100/100 
M247 P Fusarium solani isolate ZK004 KM235740.1 100/99 
M248 NP Alternaria alternata strain 9C KP271958.1 100/100 
M249 NP Curvularia hawaiiensis HG778990.1 99/99 
M250 NP Alternaria alternata strain 17.19CR2-530.1 KU059951.1 96/99 
M251 P Macrophomina phaseolina isolate MaT22 KM519193.1 99/99 
M252 P Fusarium equiseti isolate XSD-80 EU326202.1 99/99 
M253 P Fusarium oxysporum isolate 212WS KJ207391.1 99/100 
M254 NP Fusarium equiseti strain G328 KR094440.1 100/99 
M255 P Fusarium solani isolate ZK004 KM235740.1 99/99 
M256 P Fusarium equiseti strain G328 KR094440.1 98/99 
M257 NP Alternaria alternata strain PhanCK3 KF669893.1 100/99 
M258 NP Alternaria alternata isolate WS1104-1-2-M4 KP003824.1 100/99 
M259 P Fusarium equiseti strain G328 KR094440.1 100/99 
M260 NP Setosphaeria rostrata strain CBS 128061 KT265240.1 99/99 
M261 NP Phaeosphaeriopsis sp. MBP17A JQ936185.1 99/98 
M262 NP Phoma multirostrata JN542527.1 96/99 
M263 P Fusarium oxysporum KJ082096.1 99/99 
M264 NP Phoma sp. KM516291.1 95/99 
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M265 P Phoma multirostrata isolate A726 KU529840.1 97/100 
M266 P Fusarium oxysporum strain CHS-2 KJ082096.1 99/100 
M267 P Macrophomina phaseolina isolate Oe3 KU863545.1 99/99 
M268 P Fusarium equiseti strain G328 KR094440.1 100/99 
M269 P Macrophomina phaseolina isolate 171 KU856652.1 100/100 
M270 P Macrophomina phaseolina isolate NBEF3 HM990163.1 100/99 
M271 NP Chaetomium sp. TR160 HQ608145.1 99/99 
M272 NP Chaetomium sp. TR160 HQ608145.1 100/99 
M273 P Fusarium solani isolate UENFCF275 JN006817.1 100/99 
M274 P Fusarium oxysporum strain EYR11 EU888922.1 100/100 
M275 P Fusarium equiseti strain GENF002  KX196808.1 100/99 
M276 P Fusarium oxysporum strain GENF003 KX196809.1 99/100 
M277 P Fusarium solani strain T-ICA06NP KJ620369.1 99/99 
M278 P Pythium ultimum var. sporangiiferum AJ628986.1 96/99 
M279 P Fusarium equiseti strain GENF002  KX196808.1 100/99 
M280 P Fusarium equiseti strain G328 KR094440.1 63/100 
M281 NP Fusarium equiseti strain G328 KR094440.1 100/99 
M282 NP Phoma sp. CPO 10.001 JQ388278.1 99/99 
M283 P Epicoccum sorghinum KX289695.1 100/99 
M284 P Fusarium oxysporum isolate 26 EU839378.1 99/100 
M285 P Fusarium equiseti strain FEIF11 KR364597.1 100/99 
M286 P Fusarium solani strain MOD-5  EU625405.1 99/99 
M287 P Fusarium equiseti strain GENF002 KX196808.1 100/99 
M288 NP Rhizoctonia solaniisolate IQ47 KF372651.1 95/96 
M289 P Fusarium oxysporum strain CHS-2 KJ082096.1 98/99 
M290 NP Fusarium oxysporum isolate Fo13 GU724513.1 99/100 
M291 P Epicoccum sorghinum KX289695.1 99/97 
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M292 P Alternaria alternata strain SE251FA KM519671.1 100/99 
M293 NP Fusarium equiseti strain GENF002 KX196808.1 100/99 
M294 NP Fusarium oxysporum strain A0661 KF577910.1 100/100 
M295 P No significant similarity found  ∅ 
M296 P Fusarium oxysporum isolate Fo13  GU724513.1 99/100 
M297 P Rhizoctonia solaniisolate IQ47  KF372651.1 96/96 
M298 NP Rhizoctonia solaniisolate IQ48 KF372652.1 96/97 
M299 NP Phoma herbarum isolate A728 KU529842.1 99/99 
M300 NP Cladorrhinum samala FM955447.1 98/93 
M301 NP Phoma sp. CPO 10.001 JQ388278.1 99/99 
M302 P Fusarium proliferatum strain ZB074 KJ528883.1 99/99 
M303 P Fusarium oxysporum strain GENF003 KX196809.1 100/100 
M304 P Fusarium oxysporum strain GENF003 KX196809.1 100/100 
M305 NP Phoma herbarum isolate A728 KU529842.1 99/99 
M306 P Fusarium verticillioides isolate CSB F346 KU680389.1 88/99 
M307 P Fusarium oxysporum strain GENF003 KX196809.1 99/100 
M308 NP Epicoccum sorghinum isolate USPMTOX28 KT310093.1 98/99 
M309 P Fusarium verticillioides isolate CSB_F346  KU680389.1 98/99 
M310 P Fusarium oxysporum isolate Fo15 GU724514.1 98/99 
M311 P Fusarium oxysporum strain GENF003 KX196809.1 99/99 
M312 P Fusarium solani strain D113 KU377510.1 100/100 
M313 P Fusarium oxysporum f. sp. ciceris strain 
FOIF22 
KR364590.1 65/99 
M314 NP Fusarium oxysporum isolate Fo13  GU724513.1 99/99 
M315 P Fusarium equiseti strain SBTFE-002 KF863780.1 98/97 
M316 NP Epicoccum sorghinum  KX289695.1 96/99 
M317 NP Alternaria alternata strain M-2-5 KT223359.1 96/99 
M318 P Fusarium oxysporum isolate Fo15  GU724514.1 98/99 
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M319 P Fusarium oxysporum f. sp. vanillae strain 
HJAG2 
KM005080.1 99/99 
M320 P Fusarium oxysporum JF440593.1 100/100 
M321 NP Fusarium oxysporum isolate XSD-78  EU326216.1 100/100 
M322 P Fusarium oxysporum f. sp. ciceris  KR364590.1 99/100 
M323 P Fusarium oxysporum isolate KP10044 KX834820.1 97/99 
M324 P Fusarium solani isolate UENFCF275 JN006817.1 95/100 
M325 P Macrophomina phaseolina isolate r068 HQ649832.1 97/98 
M326 NP Rhizoctonia solani isolate RKNM8 JF701745.1 94/95 
M327 P Macrophomina phaseolina strain R37  KM979991.1 98/99 
M328 NP Pleosporaceae sp. LH40 HQ832799.1 97/97 
M329 P Fusarium proliferatum isolate CSB F019  KU680369.1 99/99 
M330 P No similarity found  ∅ 
M331 P Fusarium falciforme strain UOA/HCPF 12239 
isolate 
KC254047.1 62/99 
M332 P Fusarium oxysporum strain Ppf12  EF495235.1 75/99 
M333 P Fusarium solani strain xsd08070 FJ478114.1 65/96 
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Appendix C.  ITSrDNA and EF-1£ partial gene sequence comparison to NCBI GenBank and Cyber Infrastructure for 
Fusarium (Penn State University) for accurate identification of pathogenic F. oxysporum isolated from culture in this study. 
This 
study 
sample 
ID 
NCBI Genbank 
species closest 
match 
ITSrDNA 
Sequence 
accession # 
of closest 
match 
NCBI Genbank species 
closest match 
EF-1α 
Sequence 
accession # 
of closest 
match 
Cyber Infrastructure 
for Fusarium species 
closest match 
EF-1α* 
Fusarium 
ID # of closest 
match 
M37 
Fusarium oxysporum 
strain GENF003 
KX196809 
Fusarium oxysporum         
isolate JB4 
KP964880 F. oxysporum FD_00745 
M42 
Fusarium oxysporum 
isolate AFIC15 
KU872849 Fusarium nygamai isolate 
FWL4 
KR061304 
Fusarium sp. 
FD_01855 
M46 
Fusarium oxysporum 
isolate AFIC15 
KU872849 Fusarium nygamai isolate 
FWL4 
KR061304 
Fusarium sp. 
FD_01855 
M52 
Fusarium oxysporum 
isolate AFIC35 
KU872840 Fusarium oxysporum f. 
sp. melonis 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
M53 
Fusarium oxysporum 
Isolate Fo13 
GU724513 
Fusarium oxysporum         
isolate JB4 
KP964880 
F. oxysporum species 
complex 166 
FD_00745 
M55 
Fusarium oxysporum 
 strain PAL551RZ 
KM519660 
Fusarium oxysporum         
isolate JB4 
KP964880 
F. oxysporum species 
complex 19 
FD_00809 
M57 
Fusarium oxysporum 
strain GENF001 
KX196807 Fusarium sp. S99F 
 
KT286760 
 
F. oxysporum species 
complex 19 
FD_00809 
M58 
Uncultured clone 
 
JF300424 No significant similarity 
found 
 No significant similarity 
found 
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M60 
Fusarium oxysporum 
Isolate Fo13 
GU724513 Fusarium oxysporum f. 
sp. melonis 
 
HE585983 
 
F. oxysporum species 
complex 166 
FD_00745 
M73 
Fusarium oxysporum 
strain GENF001 
KX196807 Fusarium oxysporum f. 
sp. melonis 
 
HE585983 
 
F. oxysporum species 
complex 166 
FD_00745 
M87 Fusarium thapsinum 
isolate Fus 12R 
KX171659 Fusarium oxysporum 
strain G16NH2-2-28R-2 
 
KY081549 
Fusarium sp. 
 
 
FD_01855 
M89 Fusarium thapsinum 
isolate Fus 12R 
KX171659 Fusarium oxysporum 
isolate 1517 
EU246586 
Fusarium sp. 
FD_01855 
M90 Fusarium thapsinum 
strain FT-2 
KM589051 Fusarium oxysporum 
isolate 1517 
 
EU246586 
Fusarium sp. 
FD_01855 
M119 Fusarium thapsinum 
Isolate DO1 
KP050556 Fusarium oxysporum f. 
sp. pisi 
 
KP964894 
 
F. oxysporum species 
complex 191 
FD_00785 
M127 Fusarium thapsinum 
Strain FoD6A24 
KC202939 
Fusarium coeruleum 
strain NRRL20434 
 
DQ164859 
F. oxysporum species 
complex 191 
FD_00785 
M128 Fusarium thapsinum 
Strain IHB F 2906 
KM817209 Fusarium oxysporum 
isolate JB4 
KP964880 F. oxysporum species 
complex 19 
FD_00809 
M129 Fusarium thapsinum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum f. 
sp. melonis 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
M133 Fusarium thapsinum 
Strain IHB F 2916 
KM817213 Fusarium 
brachygibbosum strain 
ALFBWY137bc21 
KR108742 Fusarium 
brachygibbosum  
FD_01841 
M134 Fusarium thapsinum 
Strain CHS-2 
KJ082096 Fusarium 
brachygibbosum strain 
ALFBWY137bc21 
KR108742 Fusarium 
brachygibbosum  
FD_01841 
M135 Fusarium thapsinum 
Isolate FOX52 
GQ131884 Fusarium oxysporum f. 
sp. melonis 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
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M137 Fusarium thapsinum 
Strain A0654 
KF498869 Fusarium oxysporum f. 
sp. melonis 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
M138 Fusarium thapsinum 
Strain FoD6A24 
KC202939 Fusarium sp. S99F  
KT286760 
F. oxysporum species 
complex 19 
FD_00809 
M139 Fusarium thapsinum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum f. 
sp. melonis 
HE585983 F. oxysporum species 
complex 191 
FD_00785 
M140 Fusarium thapsinum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum 
strain GrN112 
 
FJ904871 
F. oxysporum species 
complex 191 
FD_00785 
M141 Fusarium thapsinum 
Isolate FOX64 
KJ562370 Fusarium sp. S99F  
KT286760 
F. oxysporum species 
complex 19 
FD_00809 
M143 Fusarium thapsinum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum f. 
sp. melonis 
HE585984 F. oxysporum species 
complex 19 
FD_00809 
M144 Fusarium thapsinum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum 
isolate F53-MB2P1d 
 
KF574853 
F. oxysporum species 
complex 191 
FD_00785 
M145 Fusarium thapsinum 
Isolate FJAT-31102 
KU931553 Fusarium oxysporum f. 
sp. melonis 
HE585984 F. oxysporum species 
complex 191 
FD_00785 
M146 Fusarium thapsinum 
Strain IHB F 2916 
KM817213 Fusarium 
brachygibbosum strain 
ALFBWY137bc21 
KR108742 Fusarium 
brachygibbosum  
FD_01841 
M147 
Fusarium oxysporum 
HG423346 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 
 
F. oxysporum species 
complex 191 
FD_00785 
M148 
Fusarium oxysporum 
Strain CHS-2 
KJ082096 Fusarium cf. 
brachygibbosum LK FI 
20 
KF897878 Fusarium 
brachygibbosum  
FD_01841 
M149 
Fusarium oxysporum 
Strain E180.3 
KU059956 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
 
 
KP964894 
 
F. oxysporum species 
complex 191 
FD_00785 
M150 
Fusarium oxysporum 
KU056819 Fusarium oxysporum 
isolate JB4 
KP964880 F. oxysporum species 
complex 19 
FD_00809 
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Isolate UACH-136 
M151 
Fusarium oxysporum 
Strain 
CPFOWY137D21 
KR047056 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 19 
FD_00809 
M152 
Fusarium oxysporum 
isolate FJAT-31092 
KU931543 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
 
KP964894 
F. oxysporum species 
complex 191 
FD_00785 
M153 
Fusarium oxysporum 
Isolate UACH-137 
KU926350 No significant similarity 
found 
 No significant similarity 
found 
 
M155 
 Fusarium oxysporum 
f. sp. vasinfectum 
strain anyang city  
 
EU849584 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M157 
Fusarium oxysporum 
Isolate FOX52 
GQ131884 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M159 Fusarium oxysporum 
Isolate Fo15 
GU724514 Fusarium coeruleum 
strain NRRL20434 
DQ164859 F. oxysporum species 
complex 191 
FD_00785 
M160 
Fusarium oxysporum 
Isolate FJAT-31092 
KU931543 Fusarium coeruleum 
strain NRRL20434 
DQ164859 F. oxysporum species 
complex 19 
FD_00809 
M161 
Fusarium oxysporum 
Isolate FJAT-31092 
KU931543 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M162 
 Fusarium oxysporum 
f. sp. vasinfectum 
strain ATCC7808 
KU729045 Fusarium oxysporum f. 
sp. vasinfectum strain 
CDR238 
KT323838 F. oxysporum species 
complex 19 
FD_00809 
M181 Fusarium oxysporum 
Isolate FJAT-31102 
KU931553 Fusarium oxysporum 
strain 14-147 
KT006896 F. oxysporum species 
complex 194 
FD_00733 
M184 Fusarium oxysporum 
f. sp. dianthi 
EF421235.1 Fusarium oxysporum f. 
sp. vasinfectum strain 
KT323866 F. oxysporum species 
complex 22 
FD_00799 
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ATCC 16612 
M196 Fusarium oxysporum  
isolate PDBC NPFu1 
GU181389.2 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M202 Fusarium oxysporum  
strain IHB F 2916 
KM817213.1 Fusarium 
brachygibbosum isolate 
F116 
KP267360 Fusarium 
brachygibbosum  
FD_01841 
M213 Fusarium oxysporum  
isolate UACH-137 
KU056819.1 Fusarium 
brachygibbosum isolate 
F116 
KP267360 F. oxysporum species 
complex 194 
FD_00733 
M216 Fusarium oxysporum HF566400.1 Fusarium oxysporum 
strain GrN112 
FJ904871 F. oxysporum species 
complex 191 
FD_00785 
M221 Fusarium oxysporum 
f. sp. ciceris strain 
IHB F 2902 
KM817208.1 Fusarium oxysporum f. 
sp. vasinfectum strain 
CDR238 
KT323838 F. oxysporum species 
complex 19 
FD_00809 
M246 Fusarium oxysporum 
strain HWG2(1) 
KM268692.1 Fusarium oxysporum 
isolate Fo95022 
KC622308 F. oxysporum species 
complex 232 
FD_00802 
M253 Fusarium oxysporum 
isolate 212WS 
KJ207391.1 Fusarium oxysporum 
isolate Fo95024 
KC622305 F. oxysporum species 
complex 16 
FD_00791 
M263 Fusarium oxysporum KJ082096.1 Fusarium 
polyphialidicum 
GQ425229 No significant similarity 
found 
 
M266 Fusarium oxysporum 
strain CHS-2 
KJ082096.1 Fusarium 
polyphialidicum 
GQ425229 Fusarium 
brachygibbosum  
FD_01841 
M276 Fusarium oxysporum  
strain GENF003 
KX196809.1 Fusarium 
brachygibbosum isolate 
HN-4 
KX984348 F. oxysporum species 
complex 19 
FD_00809 
M284 Fusarium oxysporum  
isolate 26 
EU839378.1 Fusarium 
brachygibbosum isolate 
HN-4 
KX984348 F. oxysporum species 
complex 16 
FD_00791 
M289 Fusarium oxysporum  
strain CHS-2 
KJ082096.1 Fusarium 
brachygibbosum isolate 
HN-4 
KX984348 Fusarium 
brachygibbosum  
FD_01841 
M295 No significant  Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
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similarity found 
M296 Fusarium oxysporum  
isolate Fo13 
GU724513.1 Fusarium oxysporum 
isolate JB4 
KP964880 F. oxysporum species 
complex 19 
FD_00809 
M304 Fusarium oxysporum  
strain GENF003 
KX196809.1 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M307 Fusarium oxysporum  
strain GENF003 
KX196809.1 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M310 Fusarium oxysporum  
isolate Fo15 
GU724514.1 Fusarium oxysporum f. 
sp. melonis 
strain ISPaVe1018 
HE585984 F. oxysporum species 
complex 191 
FD_00785 
M313 Fusarium oxysporum 
f. sp. ciceris strain 
FOIF22 
KR364590.1 Fusarium oxysporum 
strain GrN11 
FJ904871 F. oxysporum species 
complex 19 
FD_00809 
M318 Fusarium oxysporum  
isolate Fo15 
GU724514.1 Fusarium oxysporum 
isolate JB4 
KP964880 F. oxysporum species 
complex 19 
FD_00809 
M319 Fusarium oxysporum 
f. sp. vanillae strain 
HJAG2 
KM005080.1 Fusarium oxysporum f. 
sp. melonis 
strain ISPaVe1018 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
M321 Fusarium oxysporum  
isolate XSD-78 
EU326216.1 Fusarium oxysporum f. 
sp. melonis 
strain ISPaVe1018 
HE585983 F. oxysporum species 
complex 19 
FD_00809 
M322 Fusarium oxysporum 
f. sp. ciceris 
KR364590.1 Fusarium oxysporum f. 
sp. pisi isolate FOP2 
KP964894 F. oxysporum species 
complex 191 
FD_00785 
M323 Fusarium oxysporum  
isolate KP10044 
KX834820.1 Fusarium oxysporum f. 
sp. carthami isolate EF1-
21RD 
JF957822 GFSC Gibberella 
fujikuroi species complex 
FD_01762 
M332 Fusarium oxysporum  
strain Ppf12 
EF495235.1 Fusarium oxysporum f. 
sp. vasinfectum isolate 
IMI-141148 
EU246571 F. oxysporum species 
complex 219 
FD_00710 
* Query cover > 99%. Identity 99-100% 
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Legend 
 Alternaria alternata 
 Fusarium oxysporum 
 Fusarium solani 
 Fusarium nyagamai 
 Fusarium equiseti 
 Fusarium thapsinum 
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B 
Legend 
 Alternaria alternata 
 Fusarium oxysporum 
 Fusarium solani 
 Macrophomina phaseolina 
 Phaeosphaeriopsis sp. 
 Phoma multirostrata 
 Phoma sp. 
 Setosphaeria rostrata 
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C  
Fusarium proliferatum 
 Fusarium oxysporum 
 Fusarium solani 
 Fusarium circinatum 
 Fusarium verticilloides 
Legend 
Fusarium equiseti 
Fusarium incarnatum 
 Fusarium brachygibbosum 
Fusarium thapsinum 
Rhizoctonia solani 
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C (continued) 
Fusarium proliferatum 
 Fusarium oxysporum 
 Fusarium solani 
 Fusarium circinatum 
 Fusarium verticilloides 
Legend 
Fusarium equiseti 
Fusarium incarnatum 
 Fusarium brachygibbosum 
Fusarium thapsinum 
Rhizoctonia solani 
Mean lesion length of isolates from Gurue, 2014 Part 2 
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D 
Appendix D.  Mean lesions lengths and the t-Grouping among the isolates recovered from the 
RCR simptomatics tissues collected in Mozambique for A) Chokwe 2014, B) Chokwe 2015, C) 
Gurue 2014 and D) Gurue 2015 and tested for pathogenicity. 
Legend 
 Rhizoctonia solani 
 Fusarium oxysporum 
 Fusarium solani 
 Fusarium equiseti 
 Fusarium verticillioides 
 Pythium ultimum 
 Epicoccum sorghinum  
 Alternaria alternata 
 Macrophomina phaseolina 
 Fusarium falciforme 
 No similarity found 
Fusarium 
proliferatum 
